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INTRODUCTION 


The  earth's  surface  is  very  complex,  being  made  up  of  a  disordered 
mosaic  of  Land  and  water,  forest  and  clearing,  trees,  bushes,  hedgerows  and 
buildings.  The  annual  budgets  of  water  and  energy  are  highly  affected  by  these 
surface  differences.  Small  variations  in  roughness,  reflectivity,  plant-cover  or 
wetness  may  produce  large  differences  in  water  and  energy  exchanges  above  the 
surface.  The  dubious  present  state  of  boundary  Layer  theory  does  not  allow  us  to 
compute  these  differences:  so  we  have  to  measure  them.  Hence  we  must  possess 
instruments  sensitive  enough  to  measure  the  rapid  fluctuation  involved,  strong 
enough  to  stand  up  to  use  in  the  field,  and  unobtrusive  enough  not  to  influence  the 
element  to  be  observed  by  their  own  presence.  Hitherto  we  have  lacked  such 
instruments. 

Much  of  the  present  work  in  micrometeorology  involves  the  so-called 
aerodynamic  approach  to  determine  the  turbulent  exchange  of  momentum,  heat, 
and  moisture  between  the  surface  and  atmosphere.  This  method  requires  measur¬ 
ing  the  gradients  of  wind  velocity,  temperature,  and  atmospheric  moisture  near 
the  surface,  and  involves  manipulations  of  these  gradients  according  to  the  semi- 
empirical  aerodynamic  theory  to  obtain  momentum,  heat,  and  water  vapor  fluxes. 

It  is  generally  agreed  that  adequate  gradient  observations  can  be  obtained 
only  over  extensive,  flat,  open  unobstructed  terrain.  Without  a  sufficiently  exten¬ 
sive  unobstructed  fetch,  the  turbulent  transfer  processes  are  not  in  equilibrium 
adjustment  with  the  ground  surface  throughout  the  wind  profile.  Wholly  adequate 
exposures  are  the  exception  over  most  natural  land  surfaces.  However,  the  open 
ocean  provides  the  ideal  wind  fetch.  It  would  appear,  therefore,  that  the  ideal  place 
to  assess  the  energy  and  moisture  budgets  would  be  over  the  relatively  homogeneous 
ocean  surfaces.  Many  attempts  have  been  made  to  obtain  the  necessary  measure¬ 
ments  from  ships,  and  thought  has  been  given  to  using  fixed  platforms  to  support 
instrumentation.  Unfortunately,  ships  and  platforms  interpose  obstacles  that 
interfere  greatly  with  the  unobstructed  airflow  that  is  sought  for  study.  Ships  and 
platforms  so  modify  the  vertical  gradients  of  velocity,  moisture,  and  heat  that 
existing  aerodynamic  theory  cannot  be  expected  to  yield  accurate  values  of  the 
vertical  energy  and  moisture  fluxes.  In  spite  of  this,  the  need  for  observations  is 
so  great  that  many  different  research  groups  have  instrumented  ships  and  towers 
and  used  them  to  collect  the  limited  flux  data  which  we  now  have  for  the  oceans. 

The  U.  S.  Naval  Ocednographic  Office  (formerly  the  U.  S.  Navy  Hydro- 
graphic  Office  )  has  for  the  past  several  years  conducted  an  oceanographic  research 
program  on  one  of  the  Texas  Tower  installations  off  the  east  coast  of  the  United 
States.  Because  of  the  importance  of  both  oceanographic  and  micrometeorological 
research  in  the  vast  ocean  areas  of  the  world,  the  office  has  been  seeking  to  expand 
these  research  studies.  Various  tower  sites  have  been  studied  and  in  1961  the 
Argus  Island  tower  located  some  30  miles  southwest  of  Bermuda  was  selected  as 
the  site  for  further  micrometeoroLogical  investigations.  Argus  Island  as  shown  in 
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the  frontispiece  is  a  fixed  platform  on  a  steel  tower.  It  is  essentially  a  box 
approximately  85  feet  on  a  side  and  25  feet  high  with  its  floor  about  72  feet  above 
the  water.  The  structure  offers  much  obstruction  to  the  wind,  and  therefore,  it 
was  doubted  that  reliable  vertical  profiles  of  wind,  temperature,  and  humidity 
could  be  obtained  from  it.  Accordingly,  considerable  thought  was  given  to  the 
erection  of  a  separate  structure  removed  from  Argus  Island  for  the  express  pur¬ 
pose  of  obtaining  meteorological  information. 

In  November  1961  the  Hydrographic  Office  circulated  a  letter  to  a  selected 
group  of  research  scientists  who  had  been  working  on  problems  of  flux  measure¬ 
ments  over  different  surfaces  asking  for  their  advice  and  suggestions.  A  portion 
of  the  original  request  for  advice  is  given  below: 

"The  Hydrographic  Office  is  instrumenting  an  oceanographic- 
meteorological  research  platform  aboard  Argus  Island  Tower 
located  on  Plantagenet  Bank  southwest  of  Bermuda  .  .  .  one  phase 
of  this  program  will  concentrate  on  a  study  of  the  energy  exchange 
between  the  sea  and  the  atmosphere.  Experience  has  shown  the 
inadequacy  of  Texas  Tower-type  platforms  in  studies  concerning 
transfer  of  momentum,  heat,  and  water  vapor,  due  to  interfering 
effects  of  the  tower  .  .  .  Therefore,  to  fulfill  the  increasing 
demand  for  reliable  measurements  relevant  to  these  studies,  it  is 
planned  to  initiate  construction  of  a  specially  designed  structure 
(a  Wand)  from  which  observations  of  the  vertical  distribution  of 
wind  velocity,  temperature,  and  humidity  can  be  made.  This 
structure  will  be  located  in  the  immediate  proximity  of  Argus 
Island  but  far  enough  away  so  that  the  measurements  will  not  be 
appreciably  affected  by  the  presence  of  the  tower.  " 

In  a  later  evaluation  of  the  comments  concerning  the  possible  use  of  a 
wand,  the  stated  objectives  of  the  research  program  were  given  as 

"a)  to  study  the  method  by  which  energy  is  transferred  from  the 
atmosphere  to  form  ocean  waves,  (b)  to  gain  basic  information 
concerning  the  structure  of  the  atmosphere  adjacent  to  the  sea 
surface,  and  (c)  to  study  the  flux  of  heat  and  water  vapor,  etc.  in 
the  atmosphere  immediately  above  the  ocean  surface.  " 

In  reviewing  the  possible  use  of  a  meteorological  wand  to  be  set  up  at 
some  distance  from  Argus  Island,  various  research  scientists  pointed  out  a 
number  of  problems  concerning  instrumentation,  the  great  difficulty  in  servicing  the 
instruments,  the  possible  influence  of  the  bulk  of  the  wand  itself  on  the  atmospheric 
environment,  the  lack  of  stability  of  the  wand  and  the  influence  of  its  motion  on  the 
sensors,  and  the  problems  of  the  present  aerodynamic  approach. 

Our  own  group  has  worked  with  the  aerodynamic  approach  for  more  than 
twenty-five  years  in  an  effort  to  increase  our  knowledge  of  the  energy  and  moisture 
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fluxes  at  the  earth's  surface.  Some  of  the  original  profile  studies  were  undertaken 
by  Thomthwaite  and  Holzman  (1939,  1940)  in  Arlington,  Virginia  on  the  present 
site  of  the  Pentagon  Building.  Recognizing  the  limitations  of  the  method,  we  have 
sought  other  ways  to  determine  fluxes  near  the  surface.  We  have  recently  developed 
some  new  instrument  systems  for  measuring  atmospheric  fluxes  and  have  used  them 
to  make  measurements  of  the  fluxes  of  momentum,  heat,  moisture,  and  ozone  in 
connection  with  Government- sponsored  research  studies.  Our  experience  with  the 
new  method  suggested  that  it  might  be  feasible  to  obtain  good  flux  measurements 
from  a  platform  such  as  Argus  Island  itself,  since  the  observations  do  not  involve 
vertical  profiles  of  wind  but  are  made  at  one  level  only.  If  it  were  verified  that 
the  desired  fluxes  and  other  meteorological  information  can  be  obtained  by 
instruments  exposed  from  the  platform  itself,  the  entire  micrometeorological 
research  program  could  be  greatly  simplified  and  its  cost  would  be  much  less. 

While  the  ultimate  objective  of  a  micrometeorological  research  study  at 
Argus  Island  is  to  determine  the  energy  and  moisture  exchange  at  the  sea  surface, 
it  was  recognized  that  it  would  first  be  necessary  to  assess  the  magnitude  and 
extent  of  the  disturbance  which  the  platform  introduces  in  the  wind  flow.  Moreover, 
attention  had  to  be  given  to  problems  of  mounting  instruments  away  from  the 
structure  if  it  were  determined  that  useful  flux  measurements  might  be  obtained. 

A  preliminary  contract  was  proposed  which  would  enable  us  to  visit  Argus  Island 
and  take  observations  in  various  places  around  it. 

Specifically,  a  contract  with  the  U.  S.  Naval  Oceanographic  Office  was 
entered  into  on  August  11,  1962  to: 

a)  obtain  sufficient  observations  to  construct  the  wind  flow  pattern 
around  the  platform  on  Argus  Island  tower; 

b)  determine  whether  routine  observations  of  the  vertical  flux  of 
momentum,  sensible  heat,  and  moisture  could  be  obtained  from, 
but  not  influenced  by,  the  tower  structure; 

c)  recommend  sites  for  location  of  sensors  and  indicate  the  limitations 
of  the  sites. 

This  preliminary  study  was  to  be  completed  by  November  1,  1962. 

In  order  to  complete  the  work  required,  field  teams  were  sent  to  Argus 
Island  during  August,  September  and  October  1962  and  numerous  wind,  temperature 
and  radiation  data  were  obtained.  The  present  report  sums  up  our  preliminary 
conclusions  concerning  the  micrometeorological  conditions  around  the  platform, 
our  recommendations  for  its  future  use  in  studying  the  fluxes  of  energy  and  moisture 
over  the  surface  of  the  ocean,  and  some  of  our  recent  experience  with  flux  measure¬ 
ments  over  land. 
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SURVEY  OF  WIND  FLOW  ON  ARGUS  ISLAND 


The  assigned  task  of  this  contract  was  to  conduct  an  on-the-spot  survey 
of  wind  flow  around  Argus  Island.  Although  it  is  nothing  more  than  a  box 
approximately  85  feet  on  a  side  and  25  feet  high  with  its  floor  about  72  feet  above 
the  water,  the  wind  flow  around  it  is  exceedingly  complex.  Ideally  to  determine 
the  wind  flow  around  this  structure  we  should  install  several  hundred  anemometers 
and  operate  them  simultaneously  in  various  locations.  Since  such  a  program  was 
impractical,  it  became  necessary  to  move  the  available  instruments  from  one 
location  to  another.  The  survey  employed  four  men  on  three  trips  for  a  total  of 
42  days  of  residence  on  the  platform.  The  first  trip  occurred  during  the  calm 
summer  weather  of  mid- August,  the  second  during  the  hurricane  season  of 
September  and  the  third  in  the  stormy  autumn  weather  of  late  October. 

At  the  beginning  of  the  survey  a  single  sensor  was  installed  on  the  top  of 
the  microwave  tower  to  serve  as  a  reference  for  comparison  of  the  various 
observations.  This  reference  anemometer  is  hereafter  referred  to  as  "the  tower 
reference"  and  the  wind  speed  recorded  from  it  is  denoted  by  mp.  The  natural 
wind  varied  greatly  in  speed  and  direction  from  one  set  of  observations  to  another. 

In  order  to  compare  observations  taken  in  one  location  with  high  wind  with  others 
obtained  somewhere  else  with  low  wind,  all  velocities  were  reduced  to  ratios  to 
the  reference  velocity  observed  at  the  same  time.  Throughout  the  sur\  ey  all 
measurements  were  compared  with  the  corresponding  simultaneous  tower 
reference  velocity. 

Since  the  various  appendages  to  the  platform,  the  structures  and  objects 
upon  and  under  it,  interfere  strongly  with  the  wind,  the  pattern  of  interference  will 
vary  with  wind  direction.  Accordingly,  there  was  no  possibility  of  combining 
observations  taken  with  the  wind  in  different  directions.  During  the  August  trip 
the  wind  remained  steadily  from  the  south  and  established  the  pattern  for  the 
survey.  The  wind  was  more  variable  in  September  and  October,  but  on  each  trip 
there  were  some  periods  with  south  wind.  The  analysis  that  follows  gives  the  flow 
pattern  around  the  platform  when  the  wind  is  from  the  south. 

It  was  hoped  that  so  long  as  the  wind  direction  remained  constant  the 
ratio  of  the  wind  velocity  at  a  point  of  observation  to  the  reference  would  be 
independent  of  velocity.  This  was  found  to  be  true  at  the  exposed  sites  to  the  wind¬ 
ward.  To  the  leeward,  as  would  be  expected  even  small  variations  in  direction 
from  south  resulted  in  substantial  changes  in  the  ratios.  Above  the  platform,  near 
the  deck  the  ratios  varied  widely  but  away  from  the  deck  the  ratios  were  constant 
with  velocity.  Below  the  platform  the  supporting  structures  imposed  such  a  complex 
pattern  of  interference  that  the  ratio  varied  considerably  with  direction,  velocity 
and  time.  Nevertheless,  all  of  the  observations  were  converted  to  ratios  and  were 
plotted  on  a  cross  section  of  the  platform. 
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Study  of  the  distribution  of  the  ratios  around  the  piatform  made  it 
quickly  apparent  that  this  did  not  give  an  indication  of  the  interference  which  the 
platform  produced.  Rather,  what  was  wanted  were  the  ratios  of  the  wind  velocity 
at  the  points  of  observation  to  the  velocities  at  those  levels  if  the  platform  had 
not  been  there. 

The  vertical  profile  of  the  wind  over  the  sea  follows  the  familiar 
logarithmic  law  so  long  as  the  thermal  structure  of  the  air  is  adiabatic.  The 
entire  profile  can  be  established  by  means  of  measurements  at  only  two  levels. 

When  the  friction  parameter,  z0,  is  known  a  wind  velocity  measurement  at  one 
level  will  give  the  profile.  Thirty  years  ago,  Rossby  (1932)  made  a  detailed  study 
of  the  frictional  force  between  air  and  water  and  gave  some  estimates  as  to  the 
probable  value  of  zQ.  In  summary  in  a  later  paper  (1936)  he  said: 

"In  the  case  of  rapidly  changing  conditions,  the  roughness 
may  reach  very  high  values  (  zQ  s  20  cm),  but  with  steady  winds  the 
sea  surface  appears  to  adjust  itself  in  such  a  fashion  as  to  permit 
the  air  to  move  over  it  in  the  most  economical  fashion.  The  rough¬ 
ness  parameter  corresponding  to  steady  moderate  to  strong  winds 
seems  to  be  in  the  vicinity  of  0.  6  cm’.' 

Rossby's  assigned  value  of  0.  6  cm  for  z0  was  adopted  In  a  series  of  studies 
on  evaporation  from  (he  ocean,  made  in  this  country  by  Sverdrup  (1937,  1940), 
Montgomery  (1940)  and  Jacobs  (1Q42).  Roll  in  Germany  obtained  many  determina¬ 
tions  of  z0  over  the  sea  by  making  observations  of  wind,  profiles  (1948,  1948a,  1949). 
His  values  are  much  lower  than  Rossby's  estimate,  ranging  between  .  002  cm  and 
.  006  cm.  He  later  (1951)  revised  the  value  upward  to  a  range  between  .  009  cm 
and  .  352  cm.  Deacon  and  bis  associates  (1956)  gave  a  range  between  0. 05  cm  and 
0. 15  cm  and  Brocks  (1959)  gave  0.  2  cm. 

We  have  adopted  a  value  for  zQ  that  i.s  accordant  with  the  later  determina¬ 
tions  and  about  one  order  of  magnitude  smaller  than  Rossby's  suggested  value. 

Our  value  s  .  078  cm  (.  003  ft).  Using  this  value  of  z0  and  unit  velocity  at  the 
reference  level  we  have  computed  the  wind  profile  according  to  the  logarithmic  law. 
It  is  given  in  table  1. 

During  most  of  the  observation  periods  a  recording  was  made  of  the 
temperature  difference  between  150  ft  and  23  ft  above  mean  sea  level,  which  showed 
that  neutral  or  very  nearly  neutral  conditions  prevailed  the  whole  time.  Thus,  it  is 
valid  to  compare  the  actual,  wind  observations  with  the  theoretical  values  given  in 
table  1  to  determine  where  the  wind  ha.s  been  slowed  down  by  the  obstruction  and 
where  it  has  been  speeded  up.  The  result  of  this  comparison  is  given  in  figure  1. 

Figure  1  locates  by  means  of  Cartesian  coordinates  the  more  than  150 
points  of  observation  used  to  determine  the  wind  flow  around  the  structure.  The 
averages  used  in  compiling  this  diagram  are  given  in  Appendix  III  which  summarize 
the  actual  observations  assembled  in  Appendix  II.  Wind  velocity  observations  were 


298 


Table  1 


Vertical  Distribution  of  Wind  over  the  Sea  Assuming  a  Logarithmic 
Wind  Profile,  Unit  Velocity  at  Reference  Level  and  zQ  =  .003  ft. 


z  (ft)* 

u"z/u"R** 

z  (ft) 

“z/“R 

z  (ft) 

u"z  /u"r 

150 

.  937 

98 

.  900 

46 

.834 

148 

.  936 

96 

.  898 

44 

.831 

146 

.934 

94 

.  896 

42 

.826 

144 

.  933 

92 

.894 

40 

.  822 

142 

.932 

90 

.  892 

38 

.818 

140 

.  931 

88 

.890 

36 

.813 

138 

.  930 

86 

.  888 

34 

.808 

136 

.  928 

84 

.  886 

32 

.803 

134 

.  927 

82 

.884 

30 

.797 

132 

.926 

80 

.882 

28 

.791 

130 

.  924 

78 

.880 

26 

.785 

128 

.  923 

76 

.878 

24 

.778 

126 

.  922 

74 

.  876 

22 

.770 

124 

.  920 

72 

.873 

20 

.762 

122 

.  919 

70 

.  871 

18 

.753 

120 

.  917 

68 

.868 

16 

.743 

118 

.  916 

66 

.866 

14 

.731 

116 

.  914 

64 

.863 

12 

.718 

114 

.  913 

62 

.  860 

10 

.702 

112 

.  911 

60 

.  857 

8 

.683 

110 

.  910 

58 

.854 

6 

.658 

108 

.  908 

56 

.  851 

4 

.623 

106 

.  907 

54 

.  847 

2 

.  563 

104 

.905 

52 

.844 

1 

.  503 

102 

.  903 

50 

.  841 

0.  5 

.443 

100 

.  902 

48 

.  838 

0.003 

.000 

** 


Distance  in  feet  above  mean  sea  level. 

Ratio  of  undisturbed  wind  velocity  to  velocity  at  reference  level. 


WEST  SIDE 


299 


made  as  near  as  was  feasible  to  a  plane  bisecting  the  platform  from  north  to  south,. 
Figure  1  represents  the  disturbed  flow  in  two  dimensions  moving  from  right  to  left. 
The  disturbance  field  is  expressed  at  each  observational  point  by  means  of  the  ratio 
between  normalized  observed  and  theoretical  velocities 

jk  /  ui 
uT  u& 

where  uz  is  the  observed  wind  speed  at  a  point,  u-p  is  the  simultaneous  tower 
reference  speed,  u"z  is  the  theoretical  undisturbed  wind  speed  at  height  z  and 
u"g  is  the  undisturbed  speed  at  a  selected  reference  level  zjp.  Values  of  the 
ratio  u"z/uR  are  given  in  the  tabulated  logarithmic  wind  profile  in  table  1. 

The  tower  reference  anemometer,  operated  simultaneously  with  all 
observations,  was  installed  above  the  microwave  tower  at  coordinate  position  (-42, 
147).  The  other  observations  were  made  with  four  to  six  anemometers  mounted  on 
a  two  inch  diameter,  hardened  aluminum  tubing  mast  assembly.  Since  the  tubing 
weighed  only  4.  2  lbs  per  12  ft  section  and  required  only  a  minimum  of  gUying,  it 
proved  quite  easy  to  position  anemometers  temporarily  as  far  away  as  50  to  60  ft 
from  the  structure.  Three  or  more  ten  minute  runs  were  completed  at  each  mast 
location  before  moving  to  a  new  position.  At  most  positions  three  runs  proved 
sufficient  to  produce  statistically  stable  averages;  occasionally  more  runs  were 
necessary.  At  some  positions  beneath  and  in  the  lee  of  the  platform  the  wind  speed 
was  highly  sensitive  to  changes  in  wind  direction  as  small  as  10°  to  20°.  Observa¬ 
tions  to  windward  did  not  appear  to  be  so  sensitive.  Appendix  II  gives  the  actual 
speeds  measured  around  the  tower  and  their  ratio  to  the  simultaneous  tower 
reference  speed. 

To  permit  meaningful  analysis,  it  was  necessary  that  the  tower  reference 
speed  bear  a  known  reLation  to  the  undisturbed  flow.  It  had  been  hoped  at  the  outset 
of  the  study  that  the  wind  measured  at  (-42,  147),  fifty  feet  above  the  deck,  would 
represent  undisturbed  flow  and  could  provide  the  required  reference  speeds.  How¬ 
ever,  during  the  study  it  became  apparent  that  one  would  have  to  go  either  much 
higher  or  farther  upwind  to  find  undisturbed  flow.  During  the  October  visit  an  effort 
was  made  to  compare  the  wind  speed  at  the  tower  reference  with  flow  which  was 
presumed  to  be  much  less  disturbed.  A  50  ft  mast  was  erected  to  position  vertical 
and  horizontal  anemometers  over  the  south  face  of  the  tower  at  (43,  145).  The  data 
of  this  comparison  are  presented  as  runs  A-E  at  the  end  of  Appendix  II.  For  a 
period  of  250  minutes,  with  winds  7-8  m  sec-1  from  215°  the  ratio  of  the  speed  to 
the  tower  proved  to  be  .  971,  indicating  a  3  percent  difference  in  wind  speed  at  the 
two  points.  However,  the  air  flow  at  this  new  position  also  proved  to  be  somewhat 
disturbed,  since  the  vertical  anemometer  there  measured  a  19:1  ratio  of  updrafts 
to  downdrafts  during  the  test.  Consequently,  none  of  the  observation  points  could 
be  adopted  with  any  assurance  that  it  be  free  of  disturbance.  It  was  necessary  to 
approach  the  problem  indirectly.  It  was  done  in  the  following  manner. 
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It  was  known  from  the  test  described  above  that  the  observed  speeds  at  the 
tower  reference  (-42,  147)  for  south  winds  were  at  least  1.03  times  the  undisturbed 
flow,  and  probably  higher  still.  It  was  thought  that  the  disturbed  speed  at  (43,  145) 
might  be  about  1.  04  times  the  undisturbed  speed.  This  would  make  the  speed  at  the 
tower  reference  approximately  1.  07  times  the  undisturbed  speed.  Accordingly,  a 
theoretical  logarithmic  profile  with  zQ  =  .003  ft  was  constructed  through  the  tower 
reference  level  (147  ft)  such  that  the  theoretical  speed  at  147  ft  equaled  .  935  times 
the  speed  at  the  theoretical  profit  ;  reference  level.  The  profile  reference  is  then 
the  height  at  which  the  undisturbed  wind  speed  in  a  logarithmic  profile  equals  the 
disturbed  tower  speed.  This  is  the  profile  presented  in  table  1.  The  ratios  of 
normalized  wind  speed  to  the  normalized  theoretical  profile  speeds  were  then 
plotted  at  each  observational  point  in  figure  1.  The  resulting  pattern  of  the 
disturbed  wind  field  gives  a  reasonable  distribution  of  accelerated  and  retarded 
flow  around  the  platform.  That  the  pattern  shows  an  approximately  equal  distribu¬ 
tion  of  accelerated  and  retarded  flow  is  taken  as  confirmation  that  the  theoretical 
profile  adopted  is  a  good  approximation  of  the  real  undisturbed  profile. 

Figure  1  shows  that  the  wind  speed  is  retarded  in  front  of  and  behind  the 
vertical  wall  of  the  platform,  to  less  than  50  percent  and  20  percent  respectively 
of  the  theoretical  value.  The  wind  speed  is  also  retarded  in  rather  shallow  layers 
above  and  below  the  platform.  Most  striking  are  two  jets  of  higher  wind  speed 
which  have  developed  above  and  below  the  platform.  The  upper  jet  develops  wind 
speeds  more  than  15  percent  above  the  theoretical  and  the  lower  one  wind  speeds 
more  than  25  percent  above  theoretical.  The  disturbed  condition  of  the  wind 
extends  far  downwind  of  the  platform,  beyond  the  reach  of  any  possible  measure¬ 
ments  during  the  survey.  Above  the  platform  the  disturbance  extends  upward  from 
the  deck  at  least  50  feet  and  probably  more  than  100;  and  beneath  it,  down  to  the 
sea  surface.  On  the  windward  side,  however,  the  wind  flow  is  relatively  undisturbed 
(within  plus  or  minus  two  percent)  beyond  about  forty  feet  of  the  platform.  Sixty  feet 
upwind  the  flow  would  appear  to  be  little  affected  by  the  existence  of  the  platform. 
This  is  an  inference  that  will  have  to  be  verified  by  later  additional  observations. 

It  is  to  be  expected  that  any  other  vertical  plane  parallel  to  the  one  of 
figure  1  would  display  essentially  the  same  air  flow.  Thus,  what  appear  as  two 
jets  on  figure  1  are  actually  two  air  layers  which  have  been  compressed  and  thus 
speeded  up.  A  scattering  of  observations  taken  on  the  east  and  west  sides  show 
that  the  disturbance  to  the  air  flow  there  is  about  die  same  as  above  and  below, 
giving  a  similar  pattern  of  greater  and  lower  wind  speeds.  Accordingly,  it  is  our 
conclusion  that  reliable  observations  for  making  flux  determinations  can  be  made 
from  the  windward  face  of  the  structure,  but  nowhere  else. 
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It  would  be  impossible  without  making  further  measurements  to  state 
quantitatively  the  reliability  of  the  disturbance  pattern  revealed  in  figure  1.  A 
number  of  questions  remain  to  beTanswered.  The  most  basic  of  them  relate  to  the 
assumed  theoretical  profile.  What  is  the  influence  of  wind  speed  and  wave  height 
on  zQ?  Is  the  logarithmic  wind  profile  a  good  representation  of  the  real  profile  at 
heights  of  50,  100  and  more  feet  above  the  ocean  surface?  None  of  the  data  now  in 
hand  can  begin  to  answer  these  questions. 

However,  the  data  in  Appendix  II  ought  to  reveal  something  of  how  changes 
in  wind  speed  would  affect  the  pattern  in  figure  1.  If  the  observed  ratios  uz/  up 
are  a  function  of  wind  speed,  grouping  them  to  construct  a  wind  field  would  not  be 
valid.  That  they  are  not,  at  least  on  the  upwind  portion  of  the  structure,  is  shown 
by  plotting  the  speed  measured  at  a  point  against  the  tower  reference  speed.  Figures 
2,  3,  and  4  show  a  constant  relationship  between  tower  reference  wind  speed  and  the 
speed  measured  at  various  upwind  positions.  The  graphs  for  positions  (43,  145)  and 
(43,  116)  in  figure  2  include  a  range  of  tower  wind  from  246  to  826  cm  sec-*.  These 
two  positions,  although  not  close  together,  show  very  similar  and  constant  ratios 
between  measured  and  tower  velocities.  However,  the  points  for  runs  8- 10,  positions 
(43,  119)  and  (43,  139),  represent  the  situation  for  winds  in  excess  of  10  m  sec'-*-. 
These  last  points  do  not  appear  to  lie  on  the  same  line  as  the  lower  winds.  The 
apparent  discontinuity  which  occurs  in  the  vicinity  of  8-9  m  sec'1  shows  the  tower 
reference  velocity  increasing  more  rapidly  than  at  the  lower  speeds.  Probably  this 
reflects  increased  disturbance  at  the  tower  anemometer  at  higher  speeds  and 
different  wind  directions.  It  is  to  be  expected  that  the  size  of  the  regions  with 
accelerated  and  retarded  flow  would  change  with  wind  speed.  Accordingly,  at  low 
velocities  the  reference  may  have  recorded  less  disturbed  flow. 

in  figure  3  there  is  an  insufficient  range  of  velocities  to  be  sure  of  the 
relationship  at  lower  speeds.  However,  since  the  fitted  lines  for  positions  (81,  99) 
and  (61,  99)  pass  through  the  origin  there  is  Little  likelihood  of  important  disconti¬ 
nuities  at  lower  winds.  The  air  is  accelerated  to  approximately  the  same  degree 
through  these  points  for  all  wind  speeds.  On  the  other  hand,  the  three  locations 
(76,  82),  (66,  82}  and  (57,  82),  which  are  located  half  way  up  the  platform's  wind¬ 
ward  face,  exhibit  quite  different  behavior.  Although  the  range  of  speeds  is  too 
small  to  be  conclusive,  none  of  the  three  fitted  lines  passes  through  the  origin.  If 
these  curves  are  extrapolated  for  low  speeds  to  pass  through  the  origin,  they  must 
become  concave  upward.  If  the  values  of  uz  at  these  three  locations  reach  zero 
simultaneously  with  the  values  of  up,  the  extrapolated  curves  imply  that  the  ratio 
uz/  ut,  and  hence  the  degree  of  disturbance,  increases  somewhat  with  wind  speed. 
Therefore,  it  might  be  expected  that  the  region  of  retarded  flow  will  grow  outward 
as  wind  speed  increases. 

Figure  4  shows  that  the  disturbance  near  the  water  upwind  of  the  platform 
ought  to  be  quite  independent  of  wind  speed  since  the  fitted  lines  pass  through  the 
origin.  The  scatter  at  position  (76,  17)  is  evidence  of  greater  random  variation  in 
wind  speed  as  one  approaches  the  water  surface. 
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In  the  lee  of  the  tower  the  random  variations  are  too  great  to  allow  forming 
any  conclusions  about  changes  in  the  region  of  downwind  disturbance.  Above  the 
leeward  edge  the  disturbance  seems  to  grow  upward  with  increasing  velocities,  as 
is  suggested  in  figure  5.  It  appears  that  the  jet  over  the  platform  becomes  con¬ 
stricted  at  lower  winds  say,  below  8  m  sec-1  so  that  the  reference  anemometer  is 
in  less  disturbed  air.  Figure  6  presents  the  disturbance  pattern  over  the  platform 
for  some  observations  of  low  velocity  winds  made  in  August.  These  observations 
could  not  be  fitted  with  those  at  higher  speeds  shown  in  figure  1.  This  fact,  plus  the 
likelihood  that  the  intensity  of  the  disturbance  at  the  reference  anemometer  depends 
somewhat  on  wind  speed  suggested  that  a  different  theoretical  profile  would  yield  a 
better  representation  of  the  Low  velocity  disturbance  field.  A  profile  based  on  a  zQ 
of  .  003  ft  and  the  assumption  that  the  tower  reference  wind  speed  was  1. 04  times  the 
undisturbed  speed  produced  the  Low  speed  disturbance  field  shown  in  figure  6.  The 
jet  revealed  for  5  rn  sec"*  winds  is  more  compact  than  was  found  for  higher  speeds, 
however,  the  relative  accelerations  near  the  center  are  some  5  percent  higher  than 
those  in  figure  1,  Nonetheless,  tire  overall  pattern  is  quite  similar.  Consequently, 
we  conclude  that  the  important  features  of  the  upwind  disturbance  pattern,  its 
dimensions  and  relative  magnitude,  are  relatively  insensitive  to  wind  speed  and 
minor  changes  in  wind  direction.  Although  figure  1  is  a  composite  of  numerous 
measurements  made  under  different  conditions,  it  appears  to  be  a  good  approximation 
of  the  flow  pattern  for  the  range  of  velocities  (5-12  m  sec"*)  represented. 


DETERMINATION  OF  ATMOSPHERIC  FLUXES 


Formulation  of  Atmospheric  Flux  Equations 


The  measurement  of  atmospheric  fluxes  requires  a  method  for  determining 
the  rate  at  which  the  property  of  the  air  under  investigation  is  being  transported 
through  a  horizontal  plane  toward  and  away  from  the  earth's  surface.  Nearly  half  a 
century  age  W.  Schmidt  invoked  the  analogy  between  ordinary  molecular  diffusion 
and  diffusion  by  turbulent  eddies  to  write  a  series  of  flux  equations  utilizing  a  co¬ 
efficient  of  eddy  diffusion  or  an  exchange  (Austausch)  coefficient  and  the  vertical 
gradient  of  the  property  being  investigated.  In  general  form,  the  equation  is 


-A 


ds 

dz 


A  being  'the  Austausch  coefficient  which  is  related  to  the  diffusion  coefficient  K, 
by  A  ■  p  K„  The  preferred  form  of  the  fLux  equation  is 


The  derivation  has  been  applied  specifically  to  vertical  fluxes  of  momentum  or 
Reynolds  stress,  sensible  heat,  and  water  vapor.  It  has  recently  been  used  in 
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studies  of  the  vertical  fluxes  of  carbon  dioxide  and  ozone  and,  of  course,  the 
diffusion  coefficient,  K,  is  itself  fundamental  in  diffusion  studies  of  air  pollution. 

Although  Brunt  (1952)  and  Geiger  (1951)  more  than  ten  years  ago  revealed 
much  of  the  confusion  and  uncertainty  regarding  K,  there  has  not  yet  been  any  great 
clarification  of  the  time  and  space  variation  of  the  diffusion  coefficient.  In  recent 
studies  of  low  level  wind  gradients,  Lettau  (1950,  1957)  and  Blackadar  (1959)  have 
reached  different  conclusions  as  to  the  distribution  of  K  as  a  function  of  height  and 
time  of  day.  Priestley  (1959)  has  pointed  out  that  K  increases  with  unstable  and 
decreases  with  stable  stratifications,  but  not  according  to  any  simple  general  rule. 
He  asks  for  more  measurements. 

The  familiar  approach  to  an  expression  for  K  is  due  to  Prandtl  who 
sought  a  practical  means  of  determining  the  Reynolds  stress,  as  given  by 

r  =  -pWu‘ 


where  w'  and  u'  are  the  vertical  and  horizontal  components  of  eddy  velocity. 
These  quantities  represent  the  deviations  of  the  instantaneous  velocities  w  and  u 
from  their  mean  values  w  and  u,  as  defined  by  w'  =  w  -w,  u’  =  u  -  u.  What  is 
required  is  a  method  for  expressing  w'u'  in  terms  of  measurable  quantities.  To 
this  end  Prandtl  introduced  the  parameter  l,  called  the  mixing  length. 


If  a  parcel  of  air  having  mean  velocity  u  is  transferred  upward  through 
a  distance  X  to  a  new  environment  where  the  mean  velocity  is  u  +  X  and  its 
initial  mean  velocity  is  preserved  in  the  new  environment,  it  follows  that 


u'  =  u 


(o.X^)  = 

dz 


In  the  absence  of  actual  observations,  it  was  assumed  that  equal  amounts  of  kinetic 

energy  are  associated  with  all  three  eddy  velocity  components  u',  v',  and  w'. 

Thus  Prandtl  concluded  that  w'  must,  like  u',  on  the  average,  be  proportional  to 

the  distance  X  ,  through  which  the  turbulent  eddies  travel  and  to  ,  so  that  w' is 

related  to  _  X  4^  although  not  necessarily  equal  to  it.  It  can  be  given  as 
\  du  ciz 

w'  =  a  .  Remembering  that  u'  and  w'  are  opposite  in  sign,  the  Reynolds 

stress  equation  can  be  written 

r  .  ,<xgHaXf,  =  ,al*(g.>* 


When  X  is  replaced  by  l,  which  is  the  mean  length  appropriate  to'  both 
vertical  and  horizontal  eddy  velocities,  defined  as 


I  ;  Xvo 
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Prandtl's  solution  becomes 


Recalling  Schmidt's  formulation  for  the  shearing  stress,  the  Austausch  coefficient, 
A,  may  be  expressed 

A  =  />l2(4n) 
dz 

and  the  diffusion  coefficient  is 


K 


_A_  _  ,2  du 
p  dz 


The  parameter,  l,  was  not  measurable,  and  thus  the  solution  was  not  very  useful 
until  a  means  could  be  found  to  determine  it.  Von  Karman  suggested  a  means  by 
assuming  geometrical  similarity  for  all  three  components  of  the  flow  pattern.  This 
assumption  results  in  the  relation 


I  =  k0 


i  do.  /d2u  ^ 
dz  dz2 


where  kQ  is  a  dimensionless  constant  of  proportionality  now  known  as  von  Karman's 
constant.  When  the  vertical  wind  gradient  follows  the  logarithmic  law,  z  =  z0au, 
this  relation  simplifies  to 

I  =  k0z 

By  substitution  we  obtain 


T 


:  koZ  f  (^-)2 

dz 


Differentiation  of  the  logarithmic  law  of  the  vertical  wind  distribution  yields 

du  u2  -  u, 

dz  z(logezz-logez,) 

Substitution  of  this  expression  for  will  give  the  familiar  expression  for  the 
shearing  stress,  due  to  Thornthwaite  and  Holzman  ( 1939,  1942) 


r  =  - —r —  (i) 

Cofle 

The  above  mathematical  development  involves  assumptions  and  simplifi¬ 
cations  which  have  proved  to  have  only  restricted  validity  in  the  atmosphere.  A 
most  troublesome  difficulty  is  associated  with  thermal  stratification  and  the 
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stability  structure  of  the  atmosphere.  The  logarithmic  wind  profile  is  valid  only 
during  neutral  lapse  rates. '  When  the  lapse  rate  is  unstable, the  profile  deviates  in  one 
direction  and  with  stable  stratification,  the  deviation  is  in  the  opposite  direction. 
Similarly,  the  assumption  of  equipartition  of  kinetic  energy  among  the  three  com¬ 
ponents  of  eddy  velocity,  u',  v\  and  w’  does  not  stand  up.  Thus,  the  mixing  length, 
l,  in  the  horizontal  is  not  the  same  as  the  length  in  the  vertical.  The  ratio  of 
vertical  length  to  horizontal  length  varies  with  atmospheric  stability.  It  diminishes 
as  stability  increases.  Furthermore,  the  length,  l,  is  not  dependent  on  height,  z, 
alone  but  varies  with  velocity,  u,  and  with  stability.  A  necessary  further  condition 
that  the  shearing  stress,  t  ,  does  not  vary  with  height  near  the  ground  is  not 
fulfilled. 


Thus  the  work  of  the  last  two  decades  has  involved  trying  to  introduce 
corrections  or  revisions  that  would  give  an  exchange  coefficient  in  terms  of  the 
vertical  gradient  of  a  measurable  parameter. 

Rossby  and  Montgomery  (1935),  Holzman  (1943)  and  Halstead  (1943)  early 
tried  to  obtain  a  correction  by  introducing  an  additional  operator  which  would 
reduce  the  diffusion  coefficient,  K,  when  the  atmosphere  is  stable  and  increase  it 
when  the  temperature  stratification  is  unstable.  All  were  empirical  redefinitions: 
the  one  offered  by  Holzman  has  been  generally  preferred  (Deacon,  1949)^ 

Since  1959  there  have  been  three  noteworthy  attempts  to  develop  satis¬ 
factory  wind  profile  equations.  These  have  rested  on  theoretical  arguments  which 
purport  to  account  for  the  curvature  of  the  diabatic  wind  profile.  Kao  (1959)  argued 
that  the  friction  velocity,  u*,  under  diabatic  conditions  may  be  represented  as  a 
function  of  the  heat  flux  and  u*  for  neutral  conditions.  He  then  derived  an 
expression  for  the  wind  pro_file  which,  in  the  first  approximation,  is  equivalent  to 
the  _/ logarithmic  +  linear/  profile  equation  of  Monin  and  Obukhov.  This  expression 
may  be  manipulated  to  yield  equations  for  u*  and  the  heat  flux  that  require  measure¬ 
ments  of  only  die  wind  velocity  at  three  levels. 


u„  =  fr 7p  ■■  t  r<yii,HVz;|-(V5zHVZ|)  1 

L(z3 -z2)iogez2/z,  -(z2-z,)logeZj/z2-l 


(2) 


where  k0  is  von  Karman's  constant.  Knowing  u*,  Km,  the  eddy  viscosity,  may  be 
obtained  since 


Km 


du 

dz 


Swinbank  (1960)  has  suggested  an  expression  for  u*  which  employs 
the  characteristic  length,  L,  from  similarity  theory. 


Mujj-u,) 


(3) 
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L  may  be  evaluated  from  wind  observations  at  three  levels  as  follows: 


Both  Kao  and  Swinbank  have  attempted  to  introduce  corrections  in  stability  by  taking 
account  of  the  curvature  of  the  wind  gradient.  Although  the  two  equations  have  been 
derived  along  different  lines  of  reasoning,  and  differ  in  form,  they  appear  to  give 
almost  identical  results.  Both  of  them  are  highly  sensitive  to  experimental  error 
in  the  measured  wind  profile  and  demand  the  most  careful  experimental  technique 
and  optimum  observational  sites.  Of  the  two,  Kao’s  is  to  be  preferred,  on 
practical  grounds,  since  it  is  much  the  easier  to  solve. 

Panofsky  (1962)  (see  also  Panofsky,  Blackadar,  and  McVehil,  1960)  has 
introduced  an  equation  for  the  wind  profile  which  corrects  the  neutral  profile  by  a 
factor  derived  from  the  Richardson  number.  His  equation  requires  knowing  the 
roughness  parameter  zQ,  the  velocity  at  one  level,  and  the  Richardson  number,  Ri, 
for  which  the  vertical  gradients  of  both  wind  velocity  and  temperature  are  needed. 
The  derivation  is  based  on  similarity  theory  employing  the  Monin-Obukhov  stability 
parameter  Z/L'. 


‘oge  z/zo  -  >/'(z/L') 


where  kQ  is  von  Karman's  constant 


'/'(z/L)  = 


-z/IJ 


I  ~  <p-  (z/L1 ) 
z/L' 


d  (z/L! ) 


in  which 


^  (Z/L  7  = 

u.„  dz 


and  Z/L’  is  a  function  of  Richardson  number 


z/L'  =  <f>  (z/L)  Ri 

t,  and  Z/L-  are  related  by  the  interpolation  formula 

V  -  C  1 8  z  /  L  =  i 


(4) 
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Panofsky's  equation  when  used  to  determine  Km  should  not  be  so  sensitive 
to  experimental  errors  in  the  profile;  however,  zQ  must  be  carefully  determined 
under  neutral  conditions  and  must  be  assumed  constant  with  velocity  and  stability. 
Also,  since  the  Richardson  number  requires  temperature  and  velocity  differences 
between  two  levels  the  wind  flow'  must  be  little  disturbed  at  those  levels. 

In  the  meantime,  various  statistical  theories  of  turbulence  have  been 
developed,  following  G.  I.  Taylor  in  1921,  and  Sutton  in  1932  and  1934.  In 
general,  these  theories  have  attempted  to  define  diffusion  in  terms  of  correlation 
coefficients  and  standard  deviations  of  motions  which  are  separated  in  time  from 
one  another.  Sutton  (1953)  compares  the  eddies  in  a  turbulent  fluid  with  the  mole^- 
cules  in  a  gas,  "in  that  the  motion  of  a  particle  will  be  the  result  of  its  encounter 
with  various  eddies,  but  'eddy'  is  now  merely  a  convenient  way  of  describing  a 
fluctuation  of  velocity  associated  with  a  certain  scale  of  length.  "  The  length,  l, 
that  appears  in  the  statistical  theories  is  analogous  to  the  mixing  length  of  Prandtl, 
but  here  the  concept  of  mixing  is  not  essential;  rather,  the  length  refers  to  eddy 
size.  It  is  called  the  scale  of  turbulence  and  represents  the  average  size  of  the 
eddies  or  length  scale  of  the  fluctuations,  but  without  implying  any  definite  model 
of  an  eddy.  All  turbulence,  and  especially  that  of  natural  winds,  is  a  complex  of 
motions  covering  a  great  range  of  length  scales,  varying  from  those  associated 
with  the  fluctuations  which  contain  most  of  the  energy  of  the  motion  to  those  typical 
of  the  very  small  eddies  which  are  responsible  for  the  ultimate  dissipation  of  the 
energy  into  heat.  (Sutton,  p.  93) 

This  had  led  to  the  definition  of  the  diffusion  coefficient,  K, 

K  =  |  (5) 

where  the  fluctuations  and  the  length,  l,  are  defined  in  statistical  terms.  In  this 
formulation  the  measurements  are  of  the  horizontal  wind. 


Application  of  New  Instrumentation 

Our  group  has  recently  developed  new  instruments  for  the  direct  measure¬ 
ment  of  the  horizontal  and  vertical  wind  which  we  have  been  able  to  incorporate  into 
new  systems  for  determining  the  diffusion  coefficient,  K,  and  for  measuring  the 
fluxes  of  momentum  as  well  as  of  sensible  heat  and  atmospheric  humidity.  These 
instruments  have  been  described  in  detail  (Thornthwaite,  1961;  Thornthwaite, 
Superior,  Mather,  and  Hare,  1961).  The  anemometer  cups  for  sensing  the  wind 
speed  are  of  lightweight  molded  plastic  mounted  by  means  of  stainless  steel  spokes  on 
an  aluminum  hub.  The  shaft  to  which  the  hub  is  attached  carries  a  shutter  at  its 
lower  end  so  as  to  interrupt  a  beam  of  light  from  a  miniature  lamp  to  a  photocell 
housed  in  the  horizontal  anemometer  support.  The  photocell  forms  a  small  signal 
which  is  amplified  and  used  to  actuate  an  electromechanical  counter,  each  revolu¬ 
tion  of  the  cup  assembly  registering  one  count. 
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The  sensor  of  the  vertical  wind  anemometer  is  a  windmill  type  rotor  which 
is  mounted  so  as  to  rotate  in  a  horizontal  plane.  The  rotor  assembly,  like  the  cup 
assembly,  weighs  only  seven  grams.  It  rotates  in  one  direction  with  updrafts  and 
in  the  opposite  direction  with  downdrafts,  and  its  rate  of  rotation  is  proportional  t» 
the  vertical  wind  speed.  The  sensor  distinguishes  updrafts  from  downdrafts  by  use 
of  a  second  photocell.  Thus,  upcounts  and  downcounts  can  be  directed  to  their 
respective  counters. 

The  new  vertical  anemometer  has  been  designed  to  give  a  linear  response 
to  the  vertical  component  of  the  wind  for  various  angles  of  attack.  Thus,  the  rate 
of  rotation  of  the  anemometer  shaft  is  proportional  to  the  instantaneous  vertical 
velocity  and  each  complete  revolution  of  the  shaft  represents  a  definite  distance  of 
air  travel  in  the  vertical  direction.  It  can  be  used  in  association  with  a  ratemeter 
circuit  to  give  a  record  of  the  actual  instantaneous  vertical  velocity.  Alternatively, 
a  count  of  shaft  revolutions  will  give  time  average  values  of  the  upward  and  down¬ 
ward  vertical  components.  Thus  |w!  may  be  obtained  from 


where  c  is  the  response  coefficient  of  the  sensor  and  r  is  the  number  of 
revolutions  in  time  t.  These  two  systems  are  respectively  called  the  vertical 
velocity  anemometer  and  integrating  vertical  anemometer  systems;  they  are 
distinguished  by  different  types  of  shutters  and  electronic  circuitry. 

a)  The  Flux  Meter  System 

The  integrating  vertical  anemometer  can  be  used  in  combination  with  a 
cup  anemometer  to  obtain  the  flux  of  momentum,  according  to  the  Reynolds 
formulation.  The  cup  anemometer  measures  the  wind’s  horizontal  momentum. 
Simultaneously,  the  vertical  motion  of  the  air  is  determined  at  the  same  level  by 
the  integrating  vertical  anemometer.  The  two  sensors  are  linked  together 
electrically  in  this  flux  meter  system  so  that  the  horizontal  momentum  of  each 
ascending  and  descending  layer  is  registered.  The  ascending  units  are  added  and 
the  descending  units  are  subtracted.  The  result  is  the  total  momentum  flux.  The 
eddy  flux  is  obtained  by  subtracting  the  mass  transport  due  to  die  mean  motion, 

r,  =  (6) 

where  dt  and  dj  =  the  vertical  motion  in  individual  up  and  down  anemometer 
rotations  respectively.  The  negative  sign  is  required  since  the  downward  flux 
is  positive  by  convention.  The  flux  of  any  other  element  is  obtained  by  using 
instrumentation  to  give  the  concentration  of  the  element  in  each  ascending  and 
descending  parcel  of  air*  The  flux  meter  equations  for  evaporation  and  convective 
heat  are 
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.  rldt^-2dj^-|  rSdt-gdjri 

L  2  At  J  p*l  At  J 

r  pL  2At  J  H  p  L  SAt  J 

in  which  E  is  evaporation,  H  is  eddy  heat  flux,  Pw  is  the  vapor  density,  or 
absolute  humidity  of  the  air,  T  is  potential  temperature,  and  Cp  is  the  specific 
heat  of  the  air  at  constant  pressure  (see  Thornthwaite,  1961). 

The  flux  meter  approach  utilizes  observations  taken  at  a  single  level  only 
and  is  to  be  preferred  for  use  on  Argus  Island  for  that  reason.  Since  the  method 
gives  the  desired  eddy  flux  as  the  difference  between  the  total  flux  and  the  flux  due 
to  the  mean  vertical  motion  we  believe  that  it  can  work  satisfactorily  in  disturbed 
air.  The  instrumentation  and  the  method  of  operation  were  described  in  detail  in 
a  recent  Technical  Report  (Thornthwaite,  1961).  A  few  paragraphs  from  that 
report  are  quoted  to  describe  the  method  of  operation  of  the  flux  meters: 

"To  appreciate  what  is  meant  by  the  downward  flux  of 
momentum  it  is  necessary  to  remember  that  the  ascending  and 
descending  bodies  of  air  also  have  horizontal  components  of 
velocity.  Since  the  winds  aloft  are  usually  stronger  than  those 
near  the  ground,  the  descending  air  is  moving  faster  horizontally 
and  has  a  greater  momentum  than  the  rising  air.  Thus,  there  is 
usually  a  net  downward  flux  of  momentum.  The  horizontal  com¬ 
ponent  of  the  wind  is  obtained  by  use  of  the  fast  response  sensor 
consisting  of  a  lightweight  rotating  cup  assembly.  At  the  same 
time  the  vertical  motion  of  the  air  is  determined  at  that  level. 

The  two  sensors  are  linked  together  in  such  a  way  that  die 
horizontal  momentum  of  every  rising  and  descending  layer  of 
air  is  registered..  The  ascending  units  are  added  and  the  descend¬ 
ing  units  are  subtracted;  the  result  is  the  momentum  flux. 

"This  is  accomplished  by  using  two  recorders  in  paraLlel, 
both  continuously  following  every  change  in  horizontal  wind  speed, 
but  wired  to  the  vertical  anemometer  to  record  only  the  momentum 
of  the  ascending  air  layers  on  one  and  of  the  descending  air  layers 
on  the  other.  The  vertical  anemometer  merely  serves  to  switch 
the  indications  to  the  proper  recorder  during  updrafts  and  down- 
drafts.  It  also  controls  the  chart  advance  of  the  recorders;  each 
turn  of  the  vane  in  the  up  direction  results  in  unit  advance  of  the 
chart  on  the  up  recorder  and  each  down  turn  advances  the  down 
recorder  one  unit.  For  a  given  time  interval  the  areas  under  the 
curves  of  the  two  charts  give  an  integrated  value  of  the  upward  and 
downward  transport  of  momentum. 
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"The  device  for  measuring  the  flux  of  sensible  heat 
operates  in  a  similar  manner.  Two  recorders  record  the  temper¬ 
ature  of  the  air  in  the  ascending  and  descending  layers,  using  a 
fast  response  thermocouple  as  a  sensor.  Knowing  the  specific 
heat  of  the  air  it  is  easy  to  determine  the  quantity  of  sensible  heat 
transported  upward  and  downward,  by  measuring  the  areas  under 
the  curves  on  the  two  charts.  The  measurement  of  the  eddy  flux 
of  water  vapor  (evaporation)  from  any  natural  surface  involves  the 
precise  measurement  of  the  water  vapor  density  (absolute  humidity) 
at  a  single  convenient  level  above  the  evaporating  surface  by  means 
of  a  fast  response  sensor,  and  simultaneously  the  measurement  of 
the  vertical  motion  of  the  air  at  that  level.  The  humidity  is 
measured  by  means  of  an  automatic  electronic  dew  point  hygrometer 
while  the  vertical  component  of  the  wind  is  obtained  by  the  vertical 
anemometer. 

"The  measurement  of  the  flux  of  any  element  can  be 
accomplished  through  the  use  of  special  sensors  for  the  deter¬ 
mination  of  the  element  in  question.  In  all  cases  the  combination 
of  the  vertical  velocity  anemometer  with  a  suitable  sensor  to 
measure  the  element  under  investigation  allows  the  direct  measure¬ 
ment  of  the  flux  of  the  element.  For  example,  the  flux  of  ozone 
downward  to  the  soil  surface  or  the  flux  of  radon  or  carbon  dioxide 
upward  from  ‘the  soil  could  be  determined.  Complicated  formulas 
and  theories  are  avoided.  It  is  simply  a  matter  of  measuring  the 
concentration  of  the  element  in  the  air  and  the  amount  of  air  that 
moves  upward  and  downward  through  a  plane  at  that  level  where  the 
sensors  are  mounted.  The  difference  between  these  two  measure¬ 
ments  is  the  desired  value.  "  (pp.  7,  8) 

A  brief  example  from  a  previous  study  of  turbulent  conditions  near  the 
earth's  surface  which  we  carried  out  on  a  Signal  Corps  contract  is  included  below 
to  illustrate  the  type  of  results  which  are  possible  with  the  use  of  such 
instrumentation.  In  this  example  horizontal  and  vertical  anemometers  to  provide 
the  necessary  information  for  the  direct  solution  of  equations  for  momentum  flux 
were  exposed  at  a  height  of  32  meters  above  a  snow  covered  surface  which  was 
dotted  with  many  roughness  elements  (trees,  buildings,  etc. )  to  a  height  of  12  to 
15  meters.  The  day  chosen,  January  25,  1961,  was  associated  with  a  strong  out¬ 
break  of  continental  arctic  air.  The  gradient  flow  over  southern  New  Jersey  was 
about  355°,  and  about  20  m  sec--*-,  giving  surface  winds  of  5-7  m  sec"*  during  the 
day  with  an  unstable  stratification  near  the  ground,  and  a  surface  wind  direction  of 
about  300°. 

Two  strip  charts  giving  respectively  ZdJu  and  Zd+u  constitute  the 
readout  of  the  flux  meter  system.  The  two  terms  Z  d  t  and  Zdi,  respectively 
the  sum  of  the  up  and  down  vertical  run  of  the  wind,  are  directly  proportional  to 
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the  advance  of  the  two  strip  charts.  The  terms  2  ut  and  Zu4,  the  horizontal 
velocity  associated  with  each  unit  of  up  and  down  moving  air  are  read  arid  summed 
from  the  two  strip  charts.  Knowing  the  sample  time  and  air  density,  the  total  flux 
is  then  given  by 


r  2dtu  -  Zd4u  1 

P  L  ZAt  J 

After  determining  the  mean  flux  according  to  the  last  term  in  equation  6,  the  eddy 
flux  is  simply  the  algebraic  difference  of  the  total  and  mean  flux  terms.  This 
calculation  is  illustrated  in  table  2. 


Table  2 


Vertical  Winds  and  Momentum  Flux, 
January  25,  1961 


32  Meters 


Hour 

Ending 

Run  of  the 
Vertical  Wind 

Horizontal  VeLocity 

Average 

Momentum  Flux 

Drag 

Coefficie 

(meters) 

(m  sec"* 

) 

(dynes  cm"2) 

Zd4 

Zdf 

u  >1 

u  t 

u 

Total 

Mean 

r 

CD 

1100 

1093 

1733 

6.79 

5.  29 

5.  87 

-6.  30 

-13.49 

7.  19 

.016 

1200 

1175 

1835 

7.00 

5.  51 

6.09 

-6.  79 

-14.44 

7.  65 

.016 

1300 

1053 

1375 

6,38 

5.02 

5.  61 

-0.  68 

-  6.50 

5.  82 

.014 

1400 

783 

1425 

4.  74 

3.73 

4.  33 

-5.77 

-  9.99 

4.  22 

.017 

1500 

883 

1405 

6.  52 

4.91 

5.  53 

-4.  12 

-10.38 

6.  26 

.016 

1600 

753 

1463 

6.55 

5.  15 

5.  63 

-9.  34 

-14.  36 

5.02 

.012 

1700 

715 

909 

4,  80 

3.  57 

4.  09 

»0.  34 

-  4.04 

3.70 

.017 

1800 

308 

568 

2.  56 

1.  97 

2.  18 

-1.  19 

-  2.04 

0.85  ■ 

.014 

It  will  be  noted  that  for  this  particular  period  and  surface  wind  azimuth  there  was  a 
strong  preponderance  of  upflow  -  a  reflection  of  the  obstacles  in  the  mean  streamline, 
i.  e.  ,  of  standing  waves  related  to  the  larger  roughness  elements.  Hence  there  was 
a  net  upward  momentum  flux.  In  magnitude,  however,  this  flux  was  much  smaller 
than  might  have  been  expected,  because  the  Reynolds  term,  or  eddy  flux,  was 
directed  strongly  downwards.  The  horizontal  wind  speeds  associated  with  updrafts 
and  downdrafts  are  given  in  the  table  and  show  that  the  horizontal  wind  is  much 
stronger  in  the  downdrafts.  Averages  are  given  for  convenience. 

The  eddy  momentum  flux,  or  Reynolds  stress  at  32  meters,  has  also  been 
included  in  table  2.  Values  vary  from  7.  65  dynes  cm" ^  at  1200  hr,  a  very  high 
value,  to  less  than  1  dyne  at  lSOO^hr.  These  figures  may  be  compared  with  Lettau's^ 
estimate  (1950)  of  5.  3  dynes  cm  at  Leipzig  with  a  geostrophic  wind  of  17.  5  m  sec  '. 

*  For  definition,  see  following  page. 
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The  stress  is,  of  course,  a  sensitive  function  of  the  wind  speed,  the  static  stability 
(partly  because  of  the  latter's  influence  on  wind  speed)  and  the  surface  wind 
azimuth.  The  values  computed  in  the  present  case  for  the  midday  hours  are  typical 
of  strong  winds  at  neutral  to  moderately  unstable  stratification,  The  rapid  decrease 
of  wind  speed  and  eddy  stress  after  1600  hr  represented,  in  this  case,  the  influence 
of  increased  stability  and  decreased  gradient  wind. 

Direct  measurement  of  the  shearing  stress  is  of  immediate  interest  in 
studying  the  formation  of  ocean  waves.  The  surface  shearing  stress  represents 
the  resistance  offered  by  the  ground  or  sea  surface  to  the  wind  flow.  Over  land 
surfaces  the  stress  in  the  layer  for  the  first  several  meters  above  the  surface  is 
usually  taken  to  equal  the  surface  stress.  There  is  conjecture  that,  in  connection 
with  wave  formation,  the  stress  over  water  may  change  with  height.  Simultaneous 
stress  measurements  at  two  levels  over  the  ocean  are  therefore  of  immediate 
interest. 


The  drag  of  a  surface  is  related  to  the  wind  velocity  through  a  proportion¬ 
ality  factor  called  the  skin  friction  or  surface  drag  coefficient  Cq  which  is  defined 
in  the  relation 


where  tq  is  the  surface  shearing  stress  and  uz  the  velocity  at  a  fixed  height. 
Under  neutral  conditions  the  drag  coefficient  has  been  found  constant  for  varying 
wind  speeds  over  surfaces  of  a  given  roughness  when  the  surface  is  rigid  with 
respect  to  changes  in  u.  Over  water,  however,  changes  in  u  affect  the  surface 
roughness  through  wave  formation,  which  changes  the  drag  coefficient.  Interest 
in  the  mechanism  of  wave  development  then,  focuses  on  changes  in  drag  coefficient 
with  wind  speed  and  wave  height.  Table  2  and  figure  7  also  give  values  of  CD  over 
land  calculated  from  the  32  meter  shearing  stress. 

Figure  7  shows  the  relation  of  the  drag  coefficient  to  shearing  stress 
(Reynolds  stress  at  32  meter)  and  wind  velocity,  U32,  for  several  consecutive  hours 
during  the  January  25  period  cited  previously.  The  first  observation  begins  with  the 
hour  ending  at  1100.  Horizontal  wind  and  eddy  momentum  flux  reached  their  highest 
values  (6.  1  m  sec-1,  7.  65  dynes  cm’  )  at  1200.  During  the  afternoon  both  wind 
speed  and  shearing  stress  diminished,  but  in  such  a  manner  that  the  drag  coefficient 
remained  nearly  constant  at  0, 016  to  0.  017.  The  wind  blew  steadily  from  the 
northwest  during  the  afternoon.  During  the  night  the  wind  velocity  dropped  to 
1-2  m  sec--1-  and  the  shearing  stress  was  below  0.  5  dynes  cm'^, 

Most  formulations  for  the  drag  coefficient  are  inherited  from  the  profile 
era  in  micrometeorology,  when  the  surface  value  of  the  eddy  stress,  the  surface 
drag,  was  computed  from  measured  vertical  gradients  of  the  time-averaged  winds. 
Now  that  the  stress  itself  is  capable  of  direct  measurement,  interest  may  be 


DRAG  COEFFICIENT  AS  RELATED  TO  SHEARING  STRESS  AND 
MEAN  WIND  VELOCITY,  CENTERTON,  N.J.,  JANUARY  25-26,  1961 

Drag  Coefficient  C0 


Shearing  Stress  in  dynes  per  cm' 
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shifted  to  the  control  exerted  by  the  gradient  wind  outside  the  boundary  layer,  since 
a  major  geophysical  interest  of  the  boundary  layer  is  that  it  is  the  principal  site  of 
kinetic  energy  dissipation  in  the  atmosphere;  the  surface  drag,  in  other  words,  acts 
as  a  perpetual  brake  on  the  large-scale  circulation  in  the  free  atmosphere.  This 
has  led  Lettau  (1959)  to  propose  a  geostrophic  drag  coefficient  C^,  defined  as 

CL=  (^)'/z/Vg  >0 

where  tq  is  the  Reynolds  stress  at  the  surface  and  Vg  0  is  the  speed  of  the 
computed  surface  geostrophic  wind. 

Lettau’s  innovation  makes  possible  a  direct  estimate  of  the  rate  of  energy 
dissipation  in  the  boundary  layer  if  the  angle  a  between  the  surface  wind  and  geo¬ 
strophic  wind  and  the  stability  of  the  air  layer  can  both  be  estimated.  The  numerical 
results  for  one  hour  during  the  observations  of  January  25  referred  to  above  are 
summarized  in  table  3. 


Table  3 

Surface  Drag  and  Energy  Dissipation,  Centerton,  N.  Jw 
Based  on  32-Meter  Stress  Measurements 


Date 

Time 

Hr.  End.  Ri100 

u32 

v 

g,o 

a 

K.E. 

r  32  Dissipation 

(1961) 

(EST) 

deg/m  sec'1 

deg/m  sec'1 

deg. 

ry  n 

dynes  cm  watts  m 

Jan.  25 

1300  -0. 21 

300/5. 6 

355/20. 0 

55 

.034 

5.82  6.85 

RifOo  “  Richardson  number  for  40  to  160  cm  layer;  U32  -■  32  meter  wind;  Vg  0  =  surface 
gradient  wind;  a  -  angle  between  surface  wind  and  isobars;  T32  =  eddy  stress  at  32  meters; 
K,  E.  =  kinetic  energy  of  boundary  layer. 


b)  The  Diffusion  Meter  System 

There  is  a  difference  in  the  measurement  of  fluctuations  in  the  horizontal 
and  vertical  wind.  Gusts  and  lulls  speed  up  and  slow  down  the  horizontal  wind  and 
account  for  the  positive  and  negative  fluctuations,  but  the  motion  continues  in  the 
positive  direction  and  the  anemometer  continues  to  rotate  in  the  same  direction. 

With  updrafts  and  downdrafts  there  is  a  reversal  in  the  direction  of  the  vertical 
wind  and  a  corresponding  reversal  in  the  rotation  of  the  vertical  anemometer.  Each 
updraft  and  each  downdraft  represents  a  distance  of  travel  upward  or  downward  in  a 
given  time.  Thus,  with  the  integrating  vertical  anemometer  incorporated  into  the 
vertical  diffusion  system,  we  can  easily  obtain  the  following: 
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Dt  = 

total  vertical  motion  up 

(cm) 

d;  = 

total  vertical  motion  down 

(cm) 

t  = 

total  sample  period 

(sec) 

w  = 

^  ~  —  =  the  mean  vertical  velocity 

(cm  sec" 

+w  = 

Dt 

— =  the  mean  updraft  velocity 

(cm  sec" 

-w  = 

=  the  mean  downdraft  velocity 

(cm  sec” 

If  the  mean  vertical  wind  is  zero  during  the  sample  period,  t,  ail  velocity  measure¬ 
ments  will,  by  definition,  be  mean  vertical  eddy  velocities,  since 

w'  =  w  -  w 

then 


However,  it  has  been  noted  above  that  the  mean  vertical  wind  over  land 
surfaces  seldom  is  zero  even  when  averaged  over  periods  as  long  as  one  hour. 
Consequently,  it  has  been  necessary  to  derive  an  expression  for  |  w*  |  for 
practical  use.  Measurements  under  such  conditions  must,  of  necessity,  be  an 
approximation  since  the  integrating  anemometer  is  incapable  of  registering  as 
velocity  deviations  from  the  mean  those  velocities  which  lie  between  zero  and 
the  mean  velocity.  For  example,  figure  8  represents  a  distribution  of  vertical 
velocities  over  a  given  time  when  the  mean  vertical  velocity  is  not  zero.  The 
vertical  anemometer  is  not  capable  of  yielding  as  eddy  velocities  those  velocities 
lying  between  zero  and  w. 


Figure  8 
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The  expression,  which  was  derived  by  Dr,.  A,  K,  Blackadar,  and  is  given 
in  Appendix  I,  assumes  a  Gaussian  distribution  of  vertical  velocities,  a  condition 
which  is  usually  quite  well  fulfilled  when  the  sample  period  is  ten  minutes  or  longer. 
The  expression  is 

— —  f  Dt  +  Oi  _  ,,  W  ,1  wZyOrrZ 
|W  |  =  — 7 W  erf  (-£-)  ew  /2a* 


wfiich  can  be  put  in  a  form 


IWI 


Dt+D* 
a  — - — 


(7) 


where  a  is  a  correction  factor  which  may  be  expressed  as  a  function  of  Dt/Dj,. 
If  DT/D|  lies  in  the  interval  .  5  ^  Dt/DJ,<2,  |w'  I  can  be  given  by  the  simple 
expression  above,  omitting  the  correction  factor,  a,  with  an  error  of  less  than 
4  percent.  In  open  sites  over  I,and  this  condition  is  usually  satisfied,  and  it  is 
expected  to  be  similarly  fulfilled  by  observations  taken  at  Argus  Island. 


The  standard  deviation  of  the  vertical  velocity  is  widely  used  in  turbulence 
and  diffusion  studies.  For  Gaussian  distributions  the  mean  and  standard  deviation 
are  dipectly  related  by  the  expression 


(5#  --  if)'1 


twl 


(8) 


Recalling  that  the  diffusion  coefficient  has  the  dimensions  of  velocity  times  a 
length,  we  may  define  empirical  expression  for  Km  based  on  either  the  standard 
or  mean  deviations  of  the  vertical  velocity. 

Km  =  A  z  Iwl.  (9) 

■  Km=  Bz  (^\/z 

where  z,  the  height  is  taken  as  the  appropriate  order  of  magnitude  for  the  eddy 
sizes,  since  near  the  ground  they  must  be  restricted  by  the  surface.  The  coefficients 
A  and  B  must  be  evaluated,  but  if  the  conditions  of  equation  (8)  are  fulfilled  , 
clearly  A  =  /V2  B.  Since  these  definitions  are  both  strictly  empirical,  employ¬ 
ing  equation  (9)  has  the  advantage  that  Iw'l  is  directly  measured  by  the  vertical 
anemometer. 


The  momentum,  heat,  and  moisture  fluxes  would  be  given  quite  simply 
using  a  vertical  diffusion  meter  together  with  a  two  cup  anemometer,  a  two  level 
temperature  difference  recording  system,  and  humidity  sensors  at  two  levels. 
The  expressions  for  momentum  flux,  r  ,  heat  flux,  H,  and  moisture  flux,  E, 
assuming  Km  =  Kg  =  Kg  are 
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Whether  the  three  diffusion  coefficients  are  equal  should  be  made  clear  from 
simultaneous  flux  meter  determinations. 


Preliminary  Flux  Determinations 


During  the  past  year  we  have  made  a  number  of  observations  of  momentum 
flux  with  our  diffusion  meter  system  to  determine  the  turbulent  exchange  coefficient, 
K,  from  vertical  wind  measurements.  The  aim  has  been  to  increase  our  familiarity 
with  the  instrument's  behavior  under  field  conditions,  to  collect  some  data  on  the 
variation  of  vertical  winds  with  height  in  the  lowest  few  meters  of  the  atmosphere, 
and  to  compare  the  results  of  momentum  flux  (shearing  stress)  measurements  by 
several  methods.  The  site  for  such  studies  should  be  a  large,  open  level  area  of 
uniform  surface  roughness  to  insure  measurement  in  an  equilibrium  turbulent  wind 
field.  Ideal  sites  are  difficult  to  find  near  our  Laboratory.  The  site  where  we 
obtained  our  observations  during  July  and  August,  discussed  below,  was  sufficiently 
level  and  extensive,  allowing  at  least  1200  feet  of  unobstructed  fetch.  However,  it 
was  an  agricultural  field,  planted  in  several  sections  to  different  crops.  Although 
the  surface  roughness  as  determined  by  the  measured  profiles  was  always  quite 
small,  the  roughness  was  different  for  winds  from  northern  and  southern  sectors. 
Moreover,  growing  crops  increased  the  roughness  length  from  an  initial  low  value 
of  about .  4  cm  for  a  nearly  bare  field  of  sprouting  beans  to  about  4  cm  by  August 
14.  More  studies  at  this  or  better  sites  will  be  necessary  to  investigate  the 
questions  raised  by  these  observations.  The  data  collected  so  far  have  shown  the 
need  for  changing  the  original  approach,  which  was  somewhat  different  from  that 
of  equation  (9). 

It  was  at  first  argued  (Thornthwaite,  1962)  that  it  would  be  possible  to 
measure  at  a  single  point  both  the  root  mean  square  vertical  velocity  and  a  mean 
length  of  vertical  displacement  required  by  the  definition  of  Km  in  equation  (5). 

The  definition,  interpretation,  and  measurement  of  the  length  l  have  long  been 
the  crux  of  the  difficulty  in  turbulent  diffusion  studies.  It  is  possible  with  the 
vertical  anemometer  to  measure  the  number  of  updrafts  and  downdrafts  during  a 
given  period.  Since  the  mean  vertical  velocity  is  usually  near  zero,  the  number 
of  updrafts  and  downdrafts  will  be  a  good  estimate  of  the  number  of  positive  and 
negative  vertical  eddy  displacements,  thereby  yielding  the  mean  duration  of  these 
displacements.  It  was  thought  that  the  product  of  the  mean  eddy  velocity  and 
mean  vertical  displacement  time  would  give  the  required  length  1.  The  number 
of  updrafts  and  downdrafts  is  determined  by  counting  the  number  of  zero  vertical 
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velocity  crossings.  The  diffusion  coefficient  Km  wouLd  then  be  proportional  to  the 
expression 

<rw  I  =  05, (10) 

where  n  is  the  number  of  zero' crossings  in  sample  time  t. 

This  expression  was  first  tested  in  Aprii  1962.  The  wind  profile  was 
measured  at  three  levels,  40,  160,  320  cm  and  the  vertical  velocity  measured  at 
260  cm.  Momentum  flux  was  calculated  according  to  equations  (1),  (2),  (3),  and 
(10).  The  results,  shown  in  figure  9,  encouraged  a  more  rigorous  observational 
test  which  was  undertaken  in  July  and  August, 

The  selected  test  site  was  the  field  described  above.  Anemometers  for 
the  profile  were  erected  at  6  levels  between  .  5  and  8  meters,  and  vertical  wind 
anemqmeters  placed  at  4,  6,  and  8  meters.  Shearing  stress  calculated  from  the 
two  profile  equations  (2)  and  (4)  did  not  show  uniformly  good  agreement.  Stresses 
calculated  by  equation  ( 10)  for  the  three  levels  were  neither  consistent  within  them¬ 
selves  nor  with  the  profile  stresses.  Lacking  any  theoretical  basis  for  equation  (10), 
it  was  therefore  abandoned.  The  April  results  are  especially  fortuitous,  since  the 
vertical  anemometer  was  mounted  too  close  to  the  ground  to  record  more  than 
80  percent  of  the  vertical  wind  fluctuations. 

It  was  necessary  to  return  to  the  old  assumption  that  the  mixing  length  l, 
is  proportional  to  theheight,  (equation  (9) ).  Figures  10-12  show  tlj.e  sheariiig 
stresses  determined  on  three  occasions  from  the  July- August  series.  During  the 
run  of  July  26-27  the  air  was  stable  until  about  0600.  Throughout  the  run  there¬ 
after,  near  neutral  conditions  prevailed  and  the  wind  shear  was  nearly  constant 
with  height.  Shearing  stresses  calculated  from  equation  (9)  (with  A  =.4)  at 
both  6  and  8  meters  for  the  whole  run  were  in  good  agreement  with  each  other  and 
with  the  stress  from  Panofsky's  wind  profile,  equation  (4).  The  stress  according  to 
Kao's  expression,  equation  (2),  is  not  in  good  agreement  with  the  others  due,  in 
part  at  least,  to  irregularities  in  the  wind  profile  resulting  from  changing  surface 
roughness  with  varying  wind  direction.  As  has  been  noted,  Kao's  expression  is 
highly  sensitive  to  profile  irregularities. 

Figure  11  shows  the  results  of  another  run  with  the  same  equipment  and 
at  the  same  site,  under  somewhat  unstable  conditions  during  the  afternoon  of 
August  11.  Apparently  equation  (9)  for  the  6  meter  level  with  a  value  of  A  =  .  4 
gives  good  agreement  with  Panofsky's  and  fair  agreement  with  Kao’s  expressions. 
However  the  stresses  calculated  from  the  8  meter  vertical  wind  are  only  60  per¬ 
cent  of  those  calculated  from  the  6  meter  level.  Figure  12,  for  August  14,  shows 
data  from  even  more  unstable  conditions.  Kao’s  and  Panofsky's  expressions  are 
in  fair  agreement.  For  equation  (9),  however,  A  must  be  increased  to  about  .  5 
to  get  agreement  at  the  6  meter  level.  Again  the  8  meter  level  yielded  stresses 
too  low.  Apparently,  the  factor  A  may  be  identified  with  von  Karman's  constant 
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under  neutral  and  somewhat  stable  conditions,  and  under  these  conditions  l  is 
proportional  to  z.  However,  under  unstable  conditions  the  behavior  of  A  is  less 
clear.  Apparently  it  must  increase  with  instability,  implying  larger  values  of  l 
(which  is  to  be  expected).  However  the  implication  is  also  that  A  must  increase 
more  rapidly  then  the  height  under  unstable  conditions,  since,  apparently,  the 
vertical  wind  did  not  increase  with  height  sufficiently  to  overcome  the  decreasing 
wind  shear.  The  results  of  these  observations  strongly  suggest  that  the  diffusion 
coefficient  for  momentum  can  be  directly  obtained  from  vertical  wind  measurements 
when  the  air  is  adiabatic.  Considerable  further  work  will  be  required  to  extend  the 
technique  to  diabatic  conditions. 


PROPOSED  STUDY  OF  CLIMATIC  FLUXES  OVER  THE  SEA  SURFACE 


The  present  study,  performed  under  a  contract  with  the  U.  S.  Naval 
Oceanographic  Office,  leads  us  to  the  conclusion  that  it  will  be  possible  to  instru¬ 
ment  the  Argus  Island  platform  so  as  to  obtain  reliable  observations  of  various 
climatic  fluxes  over  the  sea  surface  without  need  for  the  installation  of  elaborate 
engineering  structures  to  mount  and  expose  instruments  or  for  the  construction  of 
a  separate  Wand.  At  the  present  time  it  does  not  appear  feasible  to  obtain 
systematic  observations  of  climatic  fluxes  during  all  seasons  of  the  year  from  any 
type  of  structure  over  the  open  sea  in  the  Bermuda  area.  Hurricanes  in  the  fall 
and  severe  winter  storms  limit  the  usefulness  of  the  tower  itself  during  the  period 
from  mid-September  until  about  April.  During  these  times  it  would  make  no  dif¬ 
ference  whether  the  flux  instrumentation  was  exposed  on  the  tower  or  on  separate 
structures  near  the  tower.  The  high  winds  and  waves,  the  salt  spray,  the 
vibration  of  the  structures  themselves,  the  variable  direction  of  the  winds,  and 
the  need  to  evacuate  personnel  as  a  safety  precaution  would  all  argue  against  the 
feasibility  at  present  of  an  observation  program  through  the  late  fall  and  winter 
months.  Thus,  we  would  propose  that  any  program  to  determine  the  course  of 
climatic  fluxes  over  the  sea  surface  at  Argus  Island  be  confined  at  first  to  the 
period  from  April  1  through  September  30.  At  the  present  time,  the  expense  and 
effort  involved  in  operating  during  the  remaining  six  months  of  the  year,  with  no 
guaranty  of  any  significant  results,  do  not  seem  to  be  warranted.  The  experience 
of  personnel  on  the  platform  during  October  and  November  of  this  year  confirms 
the  wisdom  of  this  recommendation. 

The  pattern  of  airflow  around  the  platform  shown  in  figure  1  and  the 
observations  which  were  taken  during  the  summer  and  fall  of  1962  with  winds 
from  various  directions  indicate  that  measurements  of  the  air  properties  must  be 
made  directly  upwind  of  the  structure  to  hold  interference  to  a  minimum.Therefore, 
we  recommend  that  the  instruments  that  must  avoid  the  interference  pattern  be 
mounted  permanently  on  the  side  that  will  give  the  best  upwind  exposure  during  the 
suggested  April -September  period  of  operation.  Present  indication  is  that  the  wind 
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is  from  the  south  or  southwest  more  than  50  percent  of  the  time  during  these  months. 
Figure  13  shows  the  percentage  occurrence  of  wind  direction  at  Argus  Island  by 
months  for  the  one  year  period  September  1961-August  1962.  June,  July,  and 
August  each  showed  a  striking  preference  for  south  and  southwest  winds.  During 
September  the  predominant  wind  shifted  to  the  southeast,  but  45  percent  of  all 
winds  were  still  southerly.  The  wind  during  the  rest  of  the  autumn,  winter  and 
spring  months  were  generally  more  evenly  distributed  about  the  points  of  the  com¬ 
pass,  or  showed  a  preference  for  northerly  directions.  Consequently,  the  southern 
face  of  the  platform  is  climatologically  the  most  attractive  location. 

We  recommend  that  a  systematic  program  of  flux  measurements  be  under¬ 
taken,  together  with  continuous  recording  of  wind  direction.  It  is  possible  that  the 
platform  itself  could  be  calibrated  to  permit  the  fLux  observations  made  during 
times  of  unfavorable  wind  direction  to  be  corrected.  If  such  calibration  is  not 
feasible  only  the  observations  made  under  favorable  conditions  would  be  used; 
operation  could  be  suspended  at  other  times.  While  this  would  limit  the  periods 
of  operations,  it  should  provide  sufficient  observations  to  give  tile  desired 
information  on  the  course  of  climatic  fluxes  over  the  sea  surface  for  a  part  of  the 
year. 


Analysis  of  the  flow  around  Argus  Island  shows  that  the  wind  is  disturbed  for 
a  considerable  distance  in  all  directions.  Above  and  below  the  tower,  or  downwind 
from  it  there  would  appear  to  be  no  place  for  the  exposure  of  instruments  to  avoid 
the  influence  of  the  platform  itself.  Forty  to  fifty  feet  out  from  the  center  of  the 
windward  face  the  vertical  wind  gradient  is  still  affected  by  the  disturbance  of  the 
platform.  However,  above  the  Level  of  die  platform  and  below  it,  the  wind  is  not 
significantly  disturbed  to  within  forty  feet  of  the  platform.  Thus,  any  system  of 
fLux  determinations  that  involve  making  observations  at  only  one  level,  or  at  the 
most  two  levels,  could  readily  be  installed  and  could  be  expected  to  operate  without 
difficulty  and  give  reliable  results.  Any  system  that  requires  accurate  wind  speeds 
at  several  levels  would  necessitate  that  the  sensors  be  mounted  at  least  sixty  feet 
from  the  face  of  the  platform.  To  get  the  sensors  out  that  far  would  be  difficult 
except  through  use  of  engineering  structures  that  would  be  self-defeating.  Accord¬ 
ingly,  we  favor  use  of  the  new  methods  of  flux  determination  which  do  not  depend 
on  accurate  wind  profiles  for  obtaining  the  coefficient  of  turbulent  diffusion. 

The  flux  meter  system  requires  just  four  sensors  for  the  measurement  of 
the  fluxes  of  momentum,  sensibLe  heat  and  latent  heat  of  evaporation:  a  sensitive 
cup  anemometer,  a  vertical  velocity  anemometer,  a  temperature  measuring  device 
and  an  automatic  dewpoint  hygrometer.  They  are  all  mounted  together  at  one 
fixed  level.  Since  they  must  operate  together,  it  is  necessary  that  they  all  be 
matched  as  to  speed  of  response.  Otherwise,  a  certain  part  of  the  eddy  flux  being 
measured  would  be  lost.  We  have  succeeded  in  getting  high  and  equal  speeds  of 
response  from  the  horizontal  and  vertical  anemometers  and  the  temperature 
measuring  system,  and  have  made  extensive  series  of  observations  of  momentum 
flux  and  heat  flux.  Unfortunately,  the  automatic  dewpoint  hygrometer  does  not  yet 
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have  a  sufficiently  rapid  speed  of  response  to  match  the  vertical  anemometer,  and 
thus  the  moisture  flux  system  is  not  yet  satisfactory.  Further  instrument  develop¬ 
ment  will  be  required  before  evaporation  can  be  measured  in  this  way. 

The  diffusion  meter  approach  involves  the  use  of  a  vertical  anemometer 
to  obtain  the  coefficient  of  turbulent  diffusion,  K,  from  observations  at  a  single 
level.  It  requires,  in  addition,  measurement  of  the  property  under  investigation 
at  two  levels.  The  proportionality  factor,  A,  involved  in  the  definition  of  K  would 
have  to  be  determined  for  given  heights  and  atmospheric  conditions  from  comparison 
with  the  flux  meter  determinations.  But,  such  comparisons  of  the  two  methods 
should  add  considerably  to  our  knowledge  of  the  utility  of  the  simple  diffusion  meter 
system  and  the  behavior  under  different  conditions  of  the  two  factors,  I  w'  I  and 
l  =  Az. 


The  present  fashion  in  data  reduction  is  to  attempt  to  record  all  data 
directly  on  tapes  or  punched  cards  for  later  analysis  by  machine  methods.  The 
meteorological  sensors  that  we  recommend  for  use  on  Argus  Island  are  compatible 
with  these  systems,  so  it  would  be  possible  to  adopt  an  elaborate  data  recording 
system.  However,  we  would  not  recommend  the  setting  up  of  such  a  system  of 
data  recording.  Such  electronic  recording  and  processing  systems  are  elaborate 
and  costly  and  subject  to  breakdown.  More  time  is  often  spent  in  getting  the 
recording  apparatus  to  function  properly  than  in  taking  data.  Such  trouble  on  an 
isolated  spot  like  Argus  Island  could  result  in  the  loss  of  many  good  days  of 
observations  when  they  are  already  limited  by  wind  and  weather  conditions. 

We  have  found  that  committing  meteorologic  data  directly  to  tape  or 
punch  cards  often  results  in  the  collection  of  data  with  Little  value.  The  data  are 
not  evaluated  immediately  and  often  malfunctions  of  the  instruments  cannot  be 
spotted  without  a  detailed  study  of  the  results.  Thus,  it  is  possible  to  collect  long 
periods  of  worthless  data.  Then,  also  if  the  data  are  being  reviewed  by  someone 
who  has  not  had  a  hand  in  the  collection  of  the  data,  it  is  often  possible  to  miss 
some  significant  aspects.  We  would  recommend  therefore  that  the  program  of 
data  collection  be  one  that  results  in  the  ready  availability  of  the  data  in  a  form 
for  rapid  evaluation  and  study.  The  collection  system  should  be  simple  and 
relatively  free  from  possible  breakdown.  In  this  connection  we  would  recommend 
a  system  like  our  own  Digital  Printout  Recorder  which  provides  instant,  legible 
and  permanent  reproductions  of  fixed  interval  data  readings.  The  printout  recorder 
uses  the  Polaroid®  Land  photographic  process  and  thus  offers  immediate  availability 
of  the  record.  The  meteorological  information  needed  in  this  study  could  easily  be 
made  available  in  a  form  to  be  handled  by  the  printout  recorder.  With  printout  of 
data  occurring  one  per  hour,  the  recorder  will  operate  without  attention  for  over 
two  days.  We  have  found  this  system  of  recording  data  on  3  V4  by  4V4  cards  to 
be  extremely  simple  and  entirely  satisfactory  for  use  both  in  the  field  and  for  later 
study  in  the  office. 


Polaroid®  by  Polaroid  Corporation 
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The  taking  of  micrometeorological  data  is  a  very  exacting  task.  In  order 
to  measure  the  small  differences  in  meteorological  parameters  between  adjacent 
locations,  matched  sensors  which  respond  rapidly  and  accurately  to  even  small 
changes  or  fluctuations  in  these  parameters  are  needed.  Such  sensors  must  be 
lightweight  and  free  from  friction  or  inertia,  and  thus  are  often  fairly  delicate  and 
fragile.  They  are  not  designed  for  routine  operation,  unattended  for  long  periods 
of  time.  Those  instruments  which  are  so  ruggedly  constructed  as  to  be  able  to 
withstand  environmental  conditions  for  weeks  or  months  without  attention  are  not 
satisfactory  for  the  purposes  of  micrometeorological  studies.  Thus,  it  should 
become  apparent  that  any  micrometeorological  study,  whether  on  land  or  over  the 
sea  should  only  be  undertaken  when  it  is  possible  to  provide  regular  service  and 
care  of  the  sensors  themselves. 

When  it  is  recognized  that  micrometeorological  research  studies  require 
continuous  attention  by  trained  and  experienced  personnel,  it  becomes  clear  that 
much  of  the  present  effort  to  develop  telemetering  systems  for  the  remote  and 
continuous  recording  of  data  will  not  yield  significant  results.  The  two  programs 
are  not  compatible.  In  the  micrometeorological  study  the  need  is  for  sensitive  and 
responsive  instruments  which  will  of  necessity  require  frequent  attention  and 
servicing  while  in  the  program  for  remote  recording  of  data  over  a  long  time 
period  on  a  routine  basis,  the  need  is  for  rugged  instruments  that  will  be  fairly 
insensitive  to  environmental  influence.  It  should  be  understood  that  there  is  a  need 
for  both  types  of  studies,  for  the  routine  observations  as  well  as  for  the  detailed 
micrometeorological  observations.  But  before  beginning  any  meteorological  program 
it  should  be  determined  which  type  of  results  are  sought  and  then  the  type  of 
instruments  and  recording  systems  which  will  give  those  results  can  be  selected. 

The  experience  which  we  have  gained  during  the  observation  program  of 
1962  has  given  us  a  new  insight  into  the  problems  of  making  reliable  micro¬ 
meteorological  observations  over  a  sea  surface.  Although  it  is  beyond  the  scope 
of  the  present  preliminary  survey,  we  have  become  aware  of  the  great  difficulty 
in  utilizing  ships  as  observation  platforms  for  climatic  studies  over  the  oceans. 

It  is  evident  that  shipboard  observations  made  anywhere  other  than  from  the  bow 
when  the  ship  is  heading  into  the  wind  would  be  greatly  disturbed,  and  unreliable. 

A  survey  of  the  pattern  of  wind  flow  around  a  moving  ship  similar  to  the  present 
study  of  the  wind  flow  around  Argus  Island  would  be  well  worthwhile. 
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APPENDIX  I 

EQUATION  FOH  DETERMINING  I  W'l  BY  MEANS  OF  THE 
INTEGRATING  VERTICAL  ANEMOMETER 


by 

A.  K.  Blackadar 


We  presume  that  observations  of  vertical  velocity  are  integrated  over  a 
sufficiently  long  time  that  D  represents  the  sum  of  a  nearly  infinite  set  of 
individual  values  of  w.  Heretofore,  we  have  treated  these  as  a  serial  set  in  time, 
but  now  we  shall  sort  these  according  to  values  of  w  into  classes  at  intervals  dw, 
which  we  regard  as  infinitesimal.  We  define  the  probability  function  p(  w)  as 


p(w) 


dn 

Ndw 


(1) 


where  dn  is  the  number  in  the  given  class  interval  of  width  dw,  and  N  is  the 
total  number  in  all  classes.  From  the  definition  we  have 


“  4)0 


(2) 


We  may  presume  that  the  values  of  w  that  determine  the  probability 
function  are  representative  of  equal  time  intervals.  In  this  case  dn/N  is  simply 
the  fraction  of  the  total  time  t  when  this  velocity  prevails.  With  this  in  mind  it 
is  easy  to  see  that  the  mean  velocity  is  given  by 


w  = 


w  p (w) dw 


(3) 


and  the  two  travel  distances  by 

Dt  =  t 

=-t 


-oo 

w  p  (w)  dw 

‘o 

w  p(w)  dw 


1 

J 


(4) 


-c« 


The  minus  sign  is  required  because  Di  is  positive  although  the  associated  vertical 
velocities  are  negative.  By  combining  (3)  and  (4)  we  obtain 


w  = 


Dt-D4 


t 


(5) 
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Now  define  w'  in  the  usual  way 


w*  -  w  -  w  (6) 

The  mean  magnitude  of  w'  can  be  computed  by  the  equation 


O0O 


Iwl 


w'  p(w)  dw  - 


■  w‘=0 

w1  p(w)  dw 


W'sQ 


(7) 


the  minus  sign  of  the  second  term  being  required  because  over  the  range  of 
integration  |  w'  I  .=  -w'.  We  wish  to  express  |  w'|  in  terms  of  Dt  and  Di  ,  so 
we  rewrite  (7)  in  the  form 


oo 

(w-w)  p(w)  dw 


W 

(w-w)  p(w)  dw 


(8) 


which  can  be  transformed  by  regrouping  the  ranges  of  integration 

/oo  /•  o 

(w-w)  p(w)dw  -  / (w-w)  p(w)dw  -2  /  (w-w)  p(w)dw 

J-oo  4  (9) 

.  -  w  J'  p(w)dw -f  p(w)dwj  -2  Z' (w-w)p(w)dw 

0  “OO  ^0 

Now,  p(  w)  dw  may  be  interpreted  as  the  fraction  of  the  total  time  that 

the  velocity  w  prevails.  By  the  further  use  of  identities  and  the  application  of  (2) 
we  may  get  the  form 


Iw'l  ^ 


-w(2/Z p(w)dw-l)-2 J wp(w)dw 


(10) 


This  is  about  as  far  as  one  can  proceed  without  knowing  the  frequency 
distribution  p(  w).  In  most  cases  experience  has  shown  this  to  be  normal,  but  with 
convective  conditions  at  moderate  levels  the  distribution  becomes  asymmetric  -  a 
few  large  upward  velocities  and  a  large  number  of  smaller  downward  velocities. 

In  the  case  where  a  normal  distribution  prevails  we  have 


p(w)  = 


-w'Z<r2 


cr 


\T  27T 


(11) 
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with  <r  representing  the  standard  deviation  of  w.  From  (7)  we  have 

-oo  _w,2/ 


iw'l  = 


~cF  Jw  /  4 

-'o 


or  cr  .  |.25  I w‘l 


For  the  terms  in  (10)  we  find 


(12) 


/'a0  . '  2  /°°  -w  /2cr2 

2  /  p(w)dw-l  - - /  e  dw’-l  =  0 

/  or  J2W 


/  WR(w)  dw  =  --  ;  / 

/0  o’  s/2 TT  /0 


0 

«w 

e  2<r  dw1  +  — 


Vs/jr  /-w 


’°  -  w/2cr1 
w'e  dw‘ 


(13) 


-  & 

•f  erf  (f.)  (l-e  ) 


(14) 


where  erf(  w/cr  )  is  the  error  function  defined  by  the  equation 


erf  ( x )  : 


r\2. 

-d/z 


IT 


d  9 


(15) 


It  is  the  area  under  the  normal  curve  of  unit  standard  deviation  between  x  and  -x. 
From  (10),  (13),  and  (14)  we  get 


Iw'l  - 


_2 

elfi+lf  <r-  rf(i» 


(16) 


This  can  be  simplified  by  using  (12)  as  follows 


[51151  -  wer.(i)] 


*4 


cr 


(17) 
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This  can  be  put  in  a  form 


or 


Tw‘7  ^  a 


(  DtfDij 


iwi  t 
04+Df 


(18) 


in  which  the  coefficient  a  is  a  function  of  w/  I  w’l  or  if  desired,  a  function  of 
DT/Di.  Calculation  of  a  and  Iw'l/w  as  functions  of  Dt/Dl  are  presented 
in  table  4  using  (17),  (12),  and  (5),  and  a  graph  displaying  the  results  is  shown  in 
figure  KJC  14. 

14 

From  figure  XKwe  see  that  if  D|/Dj.  is  anywhere  between  0.  5  and 
2.0,  we  can  determine  |  w'l  from  the  following  simple  formula 

_  .  DttOI 


with  less  than  4  percent  error. 

The  situation  for  large  values  of  Dt/DJ.  is  more  difficult  to  assess,  as 
it  appears  possible  that  _a_  does  not  approach  any  limit  as  DT/D-l — >oo  (i.  e. ,  as 
Di  — »  0).  Instead,  it  may  continue  to  decrease  without  approaching  zero.  At  any 
rate,  sooner  or  later  Dj  becomes  so  small  that  its  value  is  actually  unknown 
(fractional  turns  of  the  vane,  do  not  register)  and  really  large  values  of  Dt/Di 
become  indeterminable.  The  graph  shows  this  may  happen  even  through  I  w'  I  is 
still  a  substantial  fraction  of  w.  A  simple  calculation  shows,  for  example,  that  if 
w  were  four  times  as  large  as  |w'|  ,  Dl  is  only  one  hundredth  of  one  percent 
as  large  as  Dt. 


00 

c\j 


Table  4 
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Calculations  for  the  Coefficient  a 


9* 

9 2 

w/!wT 

e92 

T 

—  e  C-<J 
w 

erf(£) 

Dt+Dl** 

Dt-D* 

Di/Di 
w>0  w  <  0 

.00 

.0000 

.0000 

1. 0000 

OB 

.0000 

<x> 

1,000 

1.00 

1.000 

.02 

.0004 

.0354 

1.0004 

28. 237 

.0225 

28.259 

1. 000 

1.07 

.932 

.05 

.0025 

.0886 

1.0025 

11.258 

.0564 

11.  314 

.997 

1.  19 

.838 

.08 

.0064 

.  14.18 

1.0064 

7.007 

.0900 

7.097 

.994 

1.  33 

.753 

.  10 

.0100 

.  1772 

1.0100 

5.  588 

.  1124 

5.700 

.990 

1.  43 

.701 

.  12 

.0144 

.2126 

1.0145 

4.  636 

.  1347 

4,771 

.986 

1.  53 

.653 

.  14 

.0196 

.2481 

1.0198 

3.952 

.  1569 

4.  109 

.981 

1.  64 

.608 

.  16 

.0256 

.2835 

1.0259 

3..  438 

.  1790 

3.  617 

.975 

1.  73 

.  567 

.  18 

.0324 

.3188 

1.0329 

3.037 

.2009 

3.238 

.969 

1.  89 

.  528 

.20 

.0400 

.3544 

1.0408 

2.711 

.2227 

2.  934 

.962 

2.04 

.  491 

.22 

.0484 

.3898 

1.0496 

2.  444 

.2443 

2.688 

.954 

2.  18 

.458 

.24 

.0576 

.4253 

1.0593 

2.220 

.  2732 

2.493 

.943 

2.  34 

.427 

.26 

.0676 

.4607 

1. 0699 

2.029 

.2869 

2.  316 

.937 

2.  52 

.397 

.28 

.0786 

.4962 

1.0818 

1.863 

.  3079 

2.  171 

.928 

2.  71 

.  369 

.30 

.  0900 

.  5316 

1.0942 

1.719 

.  3287 

2.  048 

.918 

2.  91 

.  344 

.32 

.  1024 

.5670 

1.  1078 

1.592 

.  3491 

1.941 

.909 

3.  13 

.320 

.34 

.  1156 

.6025 

1.  1225 

1.479 

.  3693 

1.848 

.898 

3.  35 

.298 

.36 

.  1296 

.6369 

1.  1384 

1.377 

.  3893 

1.766 

.888 

3.61 

.277 

.40 

.  1600 

.7088 

1.  1735 

1.202 

.  4280 

1.  630 

.866 

4.  18 

.239 

.60 

.360 

1.064 

1.  433 

0. 6557 

.6036 

1.2593 

.746 

8.  72 

.  1146 

.80 

.640 

1.419 

1.896 

0.3716 

.  7416 

1.  1132 

.634 

18.  5 

.0540 

1.00 

1.000 

1.775 

2.718 

0.2075 

.  8426 

1.0501 

.536 

40.9 

.0244 

1.20 

1.  440 

2.  130 

4.221 

0.  1112 

,  9100 

1.0212 

.460 

95.  4 

.0105 

1.40 

1.  960 

2,483 

7.099 

0.0567 

.  9524 

1.0091 

.399 

221. 

.0045 

1.60 

2.  560 

2.  840 

12.94 

0.0272 

.  9762 

1.0034 

.351 

590. 

.0017 

1.80 

3.240 

3.  195 

25.53 

0.0123 

.  9890 

1.0013 

.315 

1,  540. 

.0006 

2.00 

4.  000 

3.  549 

54.  60 

0.0052 

.  9954 

1.0006 

.282 

3,  340. 

.0003 

2.20 

4.840 

3.  904 

126.  5 

0.0020 

.  9982 

1.0002 

.256 

10,000. 

- 

2.40 

5.760 

4.255 

319. 

0.0007 

.  9994 

1.0001 

.235 

20,000. 

- 

2.60 

6.  760 

4.610 

860. 

0.0003 

.  9998 

1.0001 

.217 

- 

- 

9  :  w//2~ <7  =  w//7T  Ivv'l 

DhD*  _  Dt+D*  _  ff  w.,+  ]wile-W/2cr2 
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APPENDIX  II 


Observed  Wind  Velocities  and  Velocity  Ratios,  Argus  Island,  August- October  1962 
August  16,  1962 


Run  1,  1850- 

-1900  AST*, 

WD  180° 

Run  5,  1635- 

1645,  WD  180° 

Position** 

uz*** 

Uz/ut 

Position 

uz 

Uz/UT 

Tower 

479 

Tower 

280 

0,  116 

564 

1.  177 

20,  116 

292 

1.043 

0,  112 

- 

- 

20,  112 

293 

1.046 

0,  108 

506 

1.056 

20,  108 

310 

1.  107 

0,  104 

438 

.  914 

20,  104 

280 

1.000 

0,  100 

384 

.  802 

20,  100 

180 

.  643 

Run  2,  1902- 

1912,  WD 

180° 

Run  6,  1646- 

1656,  WD 

180° 

Position 

Uz 

uz/ut 

Position 

u2 

Uz/UT 

Tower 

439 

Tower 

482 

0,  116 

468 

1.066 

20, 116 

530 

1.  100 

0,  112 

429 

.  977 

20,  112 

550 

1.  141 

0,  108 

335 

.  763 

20,  108 

571 

1.  185 

0,  104 

227 

.  517 

20, 104 

523 

1.085 

0,  100 

200 

.456 

20.  100 

384 

.797 

Run  3,, 

1615-1625,  WD 

>—* 

oo 

o 

o 

Run  7,  1821- 

1831,  WD 

180° 

Position 

uz 

uz/ut 

Position 

uz 

Uz/UT 

Tower 

443 

Tower 

437 

20,  116 

505 

1.  140 

20,  116 

501 

1.  146 

20,  112 

510 

1.  151 

20,  112 

512 

1.  172 

20,  108 

478 

1.079 

20, 108 

398 

.  911 

20,  104 

293 

.661 

20, 104 

187 

.428 

bo 

o 

o 

o 

156 

.  352 

20,  100 

129 

.295 

September  23 

1962 

Run  4, 

1625-1635,  WD 

180° 

Run  8,  2115-2125,  WD  186° 

Position 

uz 

uz/uT 

Position 

uz 

uz/ux 

Tower 

”374 

Tower 

1044 

20, 116 

394 

1.053 

43,  139 

986 

.  944 

20,  112 

405 

1.083 

43,  129 

995 

.953 

20,  108 

426 

1.  139 

43, 119 

994 

.  952 

20, 104 

340 

.909 

43,  109 

1040 

.  996 

20, 100 

177 

.473 

43,  101 

1095 

1.049 

*  All  times  are  Atlantic  Standard  Time 

**  Position  by  Cartesian  coordinates  as  in  figure  1 

***  ALl  velocities  in  cm  sec--*- 
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August  17,  1962 


Run  9,  2125- 

-2135, 

WD  186° 

Run  13, 

1328-1338, 

WD  180° 

Positi.on 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

1122 

Tower 

535 

43, 139 

1048 

.934 

43, 116 

501 

.  936 

43, 129 

1059 

.944 

43, 112 

512 

.  957 

43, 119 

1053 

.  938 

43, 108 

527 

.985 

43, 109 

1100 

.980 

43, 104 

546 

1.021 

43, 101 

1163 

1.036 

43,  100 

511 

.955 

Run  10,  2135- 

■2145, 

WD  187° 

Run  14, 

1339-1349, 

WD  180° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

1008 

Tower 

531 

43, 139 

961 

.953 

43, 116 

498 

.  938 

43, 129 

969 

.961 

43, 112 

510 

.960 

43, 119 

972 

.  964 

43, 108 

524 

.  987 

43, 109 

1014 

1.006 

43, 104 

.  544 

1.024 

43, 101 

1071 

1.062 

43, 100 

507 

.  955 

Run  11, 

1302-1312, 

WD  180° 

Run  15, 

1350-1400, 

WD  180° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

506 

Tower 

574 

43, 116 

467 

.  925 

43, 116 

536 

.934 

43, 112 

470 

.929 

43, 112 

552 

.  962 

43, 108 

488 

.964 

43, 108 

565 

.984 

43, 104 

502 

.992 

43, 104 

589 

1.026 

43, 100 

486 

.960 

43, 100 

541 

.  942 

Run  12,  1314- 

1324, 

WD  180° 

Run  16, 

1406-1416, 

WD  180° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

506 

Tower 

558 

43, 116 

476 

.941 

43, 116 

526 

.  943 

43, 112 

488 

.964 

43, 112 

540 

.  968 

43, 108 

503 

.994 

43, 108 

557 

.  998 

43,  104 

519 

1.026 

43, 104 

581 

1.041 

43, 100 

481 

.951 

43,  100 

533 

.  955 

334 


October  24, 

1962 

Run  17,  0940-0950, 

WD  230° 

Position 

uz 

uz/ut 

Tower 

1030 

57, 136 

926 

.900 

57, 116 

901 

.875 

57,  100 

776 

.754 

57,  87 

628 

.610 

57,  80 

600 

.583 

57,  73 

641 

.622 

Run  18,  0950- 

1000, 

WD  230° 

Position 

uz 

uz/ut 

Tower 

982 

57, 136 

917 

.934 

57, 116 

860 

.876 

57, 100 

738 

,752 

57,  87 

582 

.593 

57,  80 

555 

.565 

57,  73 

603 

.614 

Run  19, 

1006-1016, 

WD  225° 

Position 

uz 

uz/ut 

Tower 

935 

57, 136 

875 

.936 

57, 116 

819 

.875 

57, 100 

700 

.748 

57,  87 

545 

.583 

57,  80 

'518 

.554 

57,  73 

568 

.607 

September  24,  1962 

Run  20, 

0840-0850, 

WD  197° 

Position 

UZ 

uz/ut 

Tower 

814 

111,  99 

686 

.842 

101,  99 

651 

.800 

91,  99 

627 

.770 

81,  99 

735 

.903 

61,  99 

710 

.872 

41,  99 

689 

.846 

Run  21,  0850- 

-0900, 

WD  203° 

Position 

uz 

uz/uT 

Tower 

880 

111,  99 

733 

.832 

101,  99 

688 

.781 

91,  99 

675 

.767 

81,  99 

788 

.  896 

61,  99 

774 

.879 

41,  99 

762 

.865 

Run  22,  0900-0910,  WD  203° 


Position 

uz 

uz/ut 

Tower 

938 

111,  99 

780 

.  832 

101,  99 

735 

.784 

91,  99 

720 

.768 

81,  99 

840 

.896 

61,  99 

826 

.  881 

41,  99 

812 

.866 

Run 

23, 

1155-1205, 

WD  182° 

Position 

uz 

uz/ut 

Tower 

550 

75, 

95 

473 

.860 

67, 

95 

458 

.832 

57, 

95 

436 

.792 

47, 

95 

406 

.738 

45, 

95 

409 

.744 

Run 

24, 

1205-1215, 

WD  182° 

Position 

Uz 

uz/ut 

Tower 

1080 

75, 

95 

920 

.  851 

67, 

95 

890 

.824 

57, 

95 

863 

.799 

47, 

95 

790 

.731 

45, 

95 

794 

.735 

335 


Run  25, 

1215-1225, 

WD  178° 

Run  29, 

1650- 

1700, 

WD  275° 

Position 

uz 

u£/ut 

Position 

uz 

uz/ut 

Tower 

688 

Tower 

818 

75,  95 

592 

.  861 

99,  20 

662 

.809 

67,  95 

577 

.838 

89,  20 

- 

- 

57,  95 

557 

.809 

79,  20 

- 

- 

47,  95 

520 

.756 

69,  20 

646 

.789 

45,  95 

524 

.762 

59,  20 

706 

.864 

October  26,  1962 

Run  26, 

1530-1540, 

WD  280° 

Run  30, 

1715- 

1725, 

WD  275° 

Position 

uz 

Uiz/UT 

Position 

uiz 

Uz/ut 

Tower 

928 

Tower 

858 

99,  20 

782 

.843 

99,  20 

706 

.824 

89,  20 

- 

- 

89,  20 

- 

- 

79,  20 

- 

- 

79,  20 

- 

69,  20 

792 

.854 

69,  20 

728 

.848 

59,  20 

806 

.869 

59,  20 

742 

.  866 

Run  27,  1545- 

•1555, 

WD  270° 

Run  31, 

1805-1815, 

WD  270° 

Position 

UZ 

uz/ut 

Position 

uz 

uz/ut 

Tower 

875 

Tower 

717 

99,  20 

725 

.829 

99,  20 

637 

.889 

89,  20 

- 

- 

89,  20 

644 

.898 

79,  20 

- 

- 

79,  20 

- 

- 

69,  20 

726 

.830 

69,  20 

649 

.906 

59,  20 

754 

.862 

59,  20 

661 

.922 

Run  .28, 

1600-1610, 

WD  270° 

Run  32, 

2300-2310, 

WD  260° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

T-ower 

772 

Tower 

782 

99,  20 

684 

.884 

99,  20 

645 

.825 

89,  20 

- 

- 

89,  20 

650 

.831 

79,  20 

- 

- 

79,  20 

- 

- 

69,  20 

675 

.874 

69,  20 

654 

.836 

59,  20 

711 

.919 

59,  20 

662 

.846 

336 


Run  33, 

2320-2330, 

WD  260° 

Position 

Uz 

Uz/ut 

Tower 

782 

99,  20 

643 

.822 

89,  20 

- 

- 

79,  20 

- 

- 

69,  20 

648 

.828 

59,  20 

660 

.844 

October  23,  1962 

Run  34, 

1736-1746, 

WD  205° 

Position 

uz 

uz/ut 

Tower 

876 

76,  82 

650 

.742 

76,  62 

674 

.769 

76,  45 

704 

.804 

76,  33 

714,. 

.815 

76,  23 

694 

.793 

76,  17 

654 

.747 

Run 

35, 

1747-1757, 

WD  210° 

Position 

uz 

uz/ut 

Tower 

852 

76, 

82 

637 

.748 

76, 

62 

657 

.771 

76, 

45 

679 

.797 

76, 

33 

686 

.806 

76, 

23 

667 

.783 

76, 

17 

629 

.739 

Run 

36,  1758- 

1808, 

WD  210° 

Position 

uz 

uz/ut 

Tower 

792 

76, 

82 

580 

.733 

76, 

62 

605 

.764 

76, 

45 

627 

.791 

76, 

33 

634 

.  801 

76, 

23 

618 

.780 

76, 

17 

582 

.735 

Run  37, 

1810-1820, 

WD  210° 

Position 

uz 

uz/ut 

Tower 

815 

76,  82  ' 

610 

.  748 

76,  62 

632 

.775 

76,  45 

655 

.803 

76,  33 

664 

.815 

76,  23 

648 

.795 

76,  17 

612 

.751 

Run  38, 

1820-1830, 

WD  210° 

Position 

uz 

uz/ut 

Tower 

858 

76,  82 

636 

.741 

76,  62 

658 

.766 

76,  45 

683 

.796 

76,  33 

688 

.801 

76,  23 

665 

.775 

76,  17 

628 

.731 

Run  39, 

1830-1840, 

WD  210° 

Position 

uz 

uz/ut 

Tower 

"901 

76,  82 

673 

.746 

76,  62 

695 

.771 

76,  45 

719 

.798 

76,  33 

720 

.799 

76,  23 

696 

.772 

76,  17 

655 

.726 

Run  40, 

1840-1850, 

WD  205° 

Position 

Uz 

uz/ut 

Tower 

867 

76,  82 

643 

.742 

76,  62 

665 

.767 

76,  45 

693 

.799 

76,  33 

698 

.805 

76,  23 

676 

.779 

76,  17 

635 

.732 

337 


Run  41, 

1613-1623, 

WD  220° 

Run  45, 

1355- 1405, 

WD  225° 

Position 

uz 

Uz/ut 

Position 

uz 

Uz/UT 

Tower 

853 

Tower 

704 

66,  82 

583 

.684 

57,  82 

414 

.589 

66,  62 

623 

.731 

57,  62 

518 

.736 

66,  45 

679 

.796 

57,  45 

572 

.813 

66,  33 

694 

.  814 

57,  33 

574 

.815 

66,  23 

674 

.790 

57,  23 

565 

.802 

66,  17 

636 

.746 

57,  17- 

532 

.756 

Run  42, 

1624-1634, 

WD  220° 

Run  46,  1407  - 

■1417, 

WD  225° 

Position 

uz 

u£/ut 

Position 

UZ 

uz/ut 

Tower 

882 

Tower 

737 

66,  82 

601 

.681 

57,  82 

438 

.594 

66,  62 

641 

.727 

57,  62 

546 

.740 

66,  45 

697 

.790 

57,  45 

604 

.819 

66,  33 

717 

.812 

57,  33 

605 

.820 

66,  23 

694 

.787 

57,  23 

589 

.799 

66,  17 

654 

.741 

57,  17 

551 

.748 

Run  43, 

1635- 1645, 

WD  220° 

Run  47, 

1419-1429, 

WD  225° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

863 

Tower 

753 

66,  82 

593 

.687 

57,  82 

451 

.599 

66,  62 

631 

.731 

57,  62 

559 

.743 

66,  45 

684 

.793 

57,  45 

622 

.826 

66,  33 

698 

.809 

57,  33 

627 

.833 

66,  23 

679 

.787 

57,  23 

614 

.816 

66,  17 

640 

.742 

57,  17 

579 

.769 

Run 

44, 

1645-1655, 

WD  210° 

Run 

48, 

1430-1440, 

WD  227° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

850 

Tower 

759 

66, 

82 

582 

.684 

57, 

82 

432 

.569 

66, 

62 

622 

.732 

57, 

62 

559 

.737 

66, 

45 

700 

.823 

57, 

45 

622 

.820 

66, 

33 

690 

.812 

57, 

33 

626 

.825 

66, 

23 

670 

.788 

57, 

23 

609 

.802 

66, 

17 

636 

,748 

57, 

17 

571 

.753 

338 


October  24, 

1962 

Run  49,  0845-0855, 

WD  220° 

Position 

uz 

U'z/ut 

Tower 

1082 

57,  78 

548 

.  507 

57,  58 

807 

.746 

57,  41 

852 

.788 

57,  28 

855 

.791 

57,  19 

820 

.758 

57,  12 

746 

.690 

Run 

50, 

0900-0910, 

WD  225° 

Position 

uz 

us/ut 

Tower 

1091 

57, 

78 

555 

.509 

57, 

58 

811 

.744 

57, 

41 

860 

.788 

57, 

28 

864 

.792 

57, 

19 

827 

.758 

57, 

12 

750 

.688 

Run  51, 

0910-0920, 

WD  225° 

Position 

uz 

U'z/UT 

Tower 

1060 

57,  78 

563 

.  531 

57,  58 

799 

.753 

57,  41 

837 

.790 

57,  28 

834 

.787 

57,  19 

808 

.762 

57,  12 

724 

.683 

September  27-28,  1962 

Run  52, 

2309-2319, 

WD  190° 

Position 

UiZ 

uz/ut 

Tower 

1030 

52,  64 

882 

.856 

52,  47 

924 

.898 

52,  37 

950 

,922 

52,  27 

936 

.909 

52,  17 

875 

.849 

Run  53,  2322- 

•2329, 

WD  184° 

Position 

uz 

Uz/ut 

Tower 

1071 

52,  64 

849 

.  .793 

52,  47 

886 

.828 

52,  37 

901 

.841 

52,  27 

875 

.  817 

52, .  17 

818 

.764 

Run 

54,. 

2330-2400, 

WD  180° 

Position 

uz 

Uz/ut 

Tower 

1081 

52, 

64 

934 

.  864 

52, 

47 

957 

.885 

52, 

37 

964 

.892 

52, 

27 

948 

.  877 

52, 

17 

886 

.819 

Run 

55,  0001- 

-0031, 

WD  184° 

Position 

uz 

Uz./ut 

Tower 

1115 

52, 

64 

947 

.849 

52, 

47 

978 

.877 

52, 

37 

994 

.  891 

52, 

27 

975 

.874 

52, 

17 

912 

.  817 

Run  56,  0032- 

-0102, 

WD  182° 

Position 

uz 

uz/ut 

Tower 

1141 

52,  64 

996 

.  872 

52,  47 

1024 

.  898 

52,  37 

1037 

.901 

52,  27 

1015 

.  889 

52,  17 

950 

.832 

339 


Run  57,  0430- 

-0455, 

WD  187° 

Run  61,  0630- 

-0655, 

WD  197° 

Position 

Uz 

uiz/uT 

Position 

uz 

uz/ut 

Tower 

1038 

Tower 

849 

52,  64 

853 

.  822 

52,  64 

710 

.  835 

52,  47 

888 

.  856 

52,  47 

752 

.886 

52,  37 

904 

.  871 

52,  37 

769 

.905 

52,  27 

890 

.  857 

52,  27 

762 

.898 

52,  17 

831 

.  800 

52,  17 

720 

.  847 

Run  58, 

0500-0525, 

WD  205° 

Run  62,  0655- 

•0730, 

WD  192° 

Position 

uz 

Uz/UT 

Position 

uz 

uz/ut 

Tower 

987 

Tower 

855 

52,  64 

818 

.  829 

52,  64 

705 

.825 

52,  47 

839 

.  851 

52,  47 

748 

.875 

52,  37 

878 

.  8  90 

52,-  37 

764 

.894 

52,  27 

859 

.  871 

52,  27 

753 

.881 

52,  17 

819 

.  830 

52,  17 

703 

.823 

Run  59, 

0530-0555, 

WD  203° 

.  Run  63,  07  30- 

0755, 

WD  185° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

918 

Tower 

815 

52,  64 

727 

r*  792 

52,  64 

688 

.844 

52,  47 

807 

.  878 

52,  47 

728 

.892 

52,  37 

796 

.  867 

52,  37 

736 

.903 

52,  27 

779 

.  849 

52,  27 

728 

.  894 

52,  17 

736 

.  801 

52,  17 

677 

.830 

August  17- 18, 

1962 

Run  60, 

0600-0625, 

WD  197° 

Run  64,  2130- 

2140, 

WD  180° 

Position 

uz 

uzVuT 

Position 

uz 

Uz/UT 

Tower 

978 

Tower 

380 

52,  64 

805 

.  823 

52,  69 

182 

.479 

52,  47 

852 

.  871 

52,  65 

266 

.700 

52,  37 

874 

.  893 

52,  61 

285 

.750 

52,  27 

861 

.  880 

52,  57 

292 

.768 

52,  17 

808 

.  826 

52,  53 

293 

.771 

340 


Run  65,  2141- 

-2151, 

WD  180° 

Run  69, 

2224-2234, 

WD  180° 

Position 

uz 

Uz/ut 

Position 

uz/uT 

Tower 

390 

Tower 

386 

52,  69 

188 

.482 

52,  69 

189 

.  490 

52,  65 

272 

.  697 

52,  65 

278 

.  720 

52,  61 

292 

.749 

52,  61 

299 

.  775 

52,  57 

304 

.779 

52,  57 

308 

.  798 

52,  53 

306 

.785 

52,  53 

311 

.  806 

Run  66, 

2152-2202, 

WD  180° 

Run  70, 

0845-0855, 

WD  180° 

Position 

uz 

uz/ut 

Position 

uz 

Uz/UT 

Tower 

453 

Tower 

593 

52,  69 

219 

.  483 

52,  69 

312 

.  526 

52,  65 

317 

.  700 

52,  65 

429 

.  723 

52,  61 

340 

.  751 

52,  61 

455 

.  767 

52,  57 

353 

.779 

52,  57 

474 

.799 

52,  53 

354 

.  781 

52,  53 

475 

.  801 

WD  180° 

September  18,  1962 

Run  67, 

2203-2213, 

Run  71, 

1345-1355, 

WD  237° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

451 

Tower 

840 

52,  69 

2.19 

.486 

30,  67 

365 

.  435 

52,  65 

322 

.  714 

30,  57 

785 

.  935 

52,  61 

345 

.  765 

30,  47 

751 

.  894 

52,  57 

358 

.  794 

30,  37 

738 

.  879 

52,  53 

360 

.798 

Run  68, 

2214-2224, 

WD  180° 

Run  72, 

1355-1405, 

WD  232° 

Position 

uz 

uz/ut 

Position 

uz 

Uz/UT 

Tower 

460 

Tower 

718 

52,  69 

229 

.498 

30,  67 

304 

.  423 

52,  65 

330 

.717 

30,  57 

698 

.  971 

52,  61 

352 

.  765 

30,  47 

642 

.  893 

52,  57 

364 

.791 

30,  37 

641 

.  892 

52,  53 

365 

.793 

341 


* 


\\ 


M 


September  17-18,  1962 

Run  73, 

1406- 1416, 

WD  230° 

Run  78,  2145-2155,  WD  180° 

Position 

uiz 

Uz/UT 

Position  uz 

Uz/UT 

Tower 

761 

Tower  909 

30,  67 

328 

.430 

27,  47  890 

.  979 

30,  57 

702 

.922 

28,  37  822 

.  904 

30,  47 

657 

.863 

29,  27  760 

.  836 

30,  37 

642 

.843 

30,  17  736 

.  810 

Run  74, 

1245-1255, 

WD  225° 

Run  79,  2200- 

-2210, 

WD  180° 

Position 

Uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

893 

Tower 

957 

26,  57 

888 

.989 

27,  47 

982 

1.026 

27,  47 

- 

- 

28,  37 

904 

.  945 

28,  37 

799 

.  895 

29,  27 

831 

.  868 

29,  27 

765 

.856 

30,  17 

793 

.829 

Run  75, 

1255-1305, 

WD  225° 

Run  80, 

2210-2220, 

WD  180° 

Position 

uz 

uz/ut 

Position 

UZ 

u.'z/ut 

Tower 

904 

Tower 

908 

26,  57 

897 

.992 

27,  47 

918 

1.011 

27,  47 

831 

.919 

28,  37 

852 

.938 

28,  37 

805 

.890 

29,  27 

788 

.  868 

29,  27 

767 

.  848 

30,  17 

754 

.  830 

Run  76,  1305- 

1315, 

WD  247° 

Run  81, 

0920-0930, 

WD  203° 

Position 

Uz 

uz/ut 

Position 

Uz 

Tz/uT 

Tower 

904 

Tower 

768 

26,  57 

890 

.984 

27,  47 

759 

.  988 

27,  47 

816 

.903  • 

28,  37 

697 

.  908 

28,  37 

786 

.869 

29,  27 

599 

.  780 

29,  27 

750 

.830 

30,  17 

618 

.  805 

Run  77, 

1315-1325, 

WD  237° 

Run  82,  0930- 

-0940, 

WD  203° 

Position 

UZ 

uz/ut 

Position 

uz 

uz/ut 

Tower 

846 

Tower 

884 

26,  57 

844 

.998 

27,  47 

868 

.  982 

27,  47 

781 

.923 

28,  37 

798 

.  903 

28,  37 

764 

.903 

29,  27 

708 

.  801 

29,  27 

728 

.  860 

30,  17 

708 

.  801 

3-2 


Run  83, 

0945-0955, 

WD  225° 

Run  88,  1610- 

1620, 

WD  238° 

Position 

uz 

ujs/uT 

Position 

Ujj 

Uz/UT 

Tower 

970 

Tower 

785 

27,  47 

944 

.974 

17,  68 

422 

.538 

28,  37 

862 

.889 

17,  60 

782 

.996 

29,  27 

788 

.812 

17,  50 

729 

.929 

30,  17 

.  702 

.724 

17,  40 

§75 

.860 

September  19, 

1962 

Run  84, 

1000-1010, 

WD  225° 

.  Run  89,  1710- 

1720, 

WD  275° 

Position 

uz 

Ujj/ut 

Position 

uz 

Uj/UT 

Tower 

976 

Tower 

■  618 

27,  47 

948 

.971 

-10,  53 

- 

- 

28,  37 

871 

.892 

-10,  43 

522 

.844 

29,  27 

792 

.811 

-10,  33 

539 

.873 

30,  17 

792 

.811 

-10,  23 

506 

.819 

Run  85, 

1010-1020, 

WD  225° 

Run  90, 

1720-1730, 

WD  275° 

Position 

uiz 

Uz/ut 

Position 

uz 

uz/ut 

Tower 

924 

Tower 

589 

27,  47 

880 

.952 

-10,  53 

436 

.739 

28,  37 

810 

.876 

-10,  43 

487 

.826 

29,  27 

747 

.808 

-10,  33 

496 

.842 

30,  17 

723 

.782 

-10,  23 

453 

.769 

Run  86, 

1550-1600, 

WD  233° 

Run  91, 

1730-1740, 

WD  274° 

Position 

UZ 

Uz/ut 

Position 

Uz 

Uz/ut 

Tower 

796 

Tower 

533 

17,  68 

410 

.  514 

-10,  53 

381 ' 

.715 

17,  60 

802 

1.007 

-10,  43 

441 

.827 

17,  50 

747 

.938 

-10,  33 

456 

.856 

17,  40 

702 

.881 

-10,  23 

436 

.818 

Run  87, 

1600-1610, 

WD  236° 

Run  92, 

1615-1625, 

WD  261° 

Position 

uz 

Ujz/UT 

Position 

Uz 

Uz/UT 

Tower 

728 

Tower 

477 

17,  68 

371 

.510 

-10,  63 

388 

.813 

17,  60 

759 

1.043 

-10,  53 

390 

.818 

17,  50 

716 

.984 

-10,  43 

290 

.608 

17,  40 

665 

.913 

-10,  33 

400 

.839 

343 


Run  93, 

1625-1635, 

WD  268° 

Run  98, 

1415-1425, 

WD  242° 

Position 

uz 

Uz/UT 

Position 

uz 

Uz/UT 

Tower 

479 

Tower 

498 

-10,  63 

362 

.  756 

-18,  70 

432 

.  867 

-10,  53 

364 

.760 

-18,  60 

481 

.  966 

-10,  43 

310 

.  647 

-18,  50 

474 

.  952 

-10,  33 

461 

.962 

-18,  40 

445 

.  894 

Run  94, 

1635-1645, 

WD  274° 

Run  99, 

1425-1435, 

WD  244° 

Position 

Uz 

Uz/UT 

Position 

uz 

Uz/UT 

Tower 

448 

Tower 

463 

-10,  63 

417 

.931 

-18.  70 

425 

.  918 

-10,  53 

386 

.862 

-18,  60 

450 

.  972 

-10,  43 

380 

.848 

-18,  50 

444 

.  959 

-10,  33 

439 

.  980 

-18,  40 

442 

.  955 

Run  95, 

1530-1540, 

WD  262° 

Run  100, 

1435-1445, 

WD  246° 

Position 

uz 

Uz/UT 

Position 

uz 

Uz/ut 

Tower 

512 

Tower 

525 

-10,  68 

353 

.689 

-18,  70 

470 

.  895 

-10,  58 

396 

.773 

-18,  60 

504 

.  960 

J 

i— * 
O 

4^ 

GO 

366 

.715 

-18,  50 

503 

.  958 

-10,  38 

454 

.887 

-18,  40 

500 

.  952 

Run  96, 

1540'- 1550, 

WD  264° 

Run  101, 

1100-1110, 

WD  288° 

Position 

uz 

uz/ut 

P  osition 

Uz 

uz/ut 

Tower 

450 

Tower 

552 

-10,  68 

341 

.758 

-18,  45 

469 

.  850 

-10,  58 

389 

.864 

-18,  35 

482 

.  873 

-10,  48 

320 

.  711 

-18,  25 

453 

.  821 

-10,  38 

460 

1.022 

-18,  15 

396 

.  717 

Run  97, 

1550-1600, 

WD  266° 

Run  102, 

1110-1120, 

WD  285° 

Position 

uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

398 

Tower 

398 

-10,  68 

299 

.751 

-18,  45 

334 

.  839 

-10,  58 

414 

1.040 

-18,  35 

326 

.  819 

CO 

o 
•— < 

1 

278 

.698 

-18,  25 

318 

.799 

-10,  38 

426 

1.070 

-18,  15 

276 

.  693 

344 


Run  103, 

1125-1135, 

WD  278° 

Position 

uz 

uz/uT 

Tower 

349 

-18,  45 

302 

.  865 

-18,  35 

295 

.  845 

-18,  25 

292 

.  837 

pH 

00 
T— H 
] 

255 

,731 

Run  104, 

1825-1835, 

WD  284° 

Position 

uz 

Uz/UT 

Tower 

682 

-23,  68 

331 

.  485 

-23,  60 

441 

.  647 

-23,  47 

640 

.  938 

Run 

105, 

1920-1930, 

WD  294° 

Position 

Uz 

Uz/uT 

Tower 

471 

-23, 

68 

224 

.  476 

-23, 

60 

306 

.  650 

-23, 

47 

420 

.892 

Run  106, 

1930-1940, 

WD  287° 

Position 

Uz 

Uz/uT 

Tower 

422 

-23,  68 

215 

.  509 

-23,  60 

278 

.  659 

-23,  47 

376 

.  891 

September  17,  1962 

Run  107, 

1515-1525, 

WD  180° 

Position 

uz 

Uz/UT 

Tower 

670 

-26,  49 

659 

.  984 

-27,  34 

631 

.  942 

to 

CO 

bo 

622 

.  928 

Run  108, 

1530-1540, 

WD  180° 

Position 

uz 

Uz/UT 

Tower 

675 

-26,  44 

667 

.  988 

-27,  34 

641 

.  950 

-28,  24 

611 

.  905 

September  20, 
Run  109,  1055- 
Position 

1962 

•1105, 

Ug_— ■ 

WD  216° 
_ uz/uT 

Tower 

854 

-37,  65 

542 

.  635 

-37,  55 

428 

.  501 

-37,  45 

679 

.  795 

Run  110, 
Position 

1105-1115, 

uz 

WD  2 15° 
Uz/UT 

Tower 

808 

-37,  65 

466 

.  577 

-37,  55 

414 

.  512 

-37,  45 

742 

.  918 

Run  111, 

1115-1125, 

WD  212° 

Position 

Uz 

uz/uT 

Tower 

657 

-37,  65 

408 

.  621 

-37,  55 

367 

.  559 

-37,  45 

641 

.  976 

Run  112, 

0950-1000, 

WD  226° 

Position 

uz 

uz/uT 

Tower 

729 

-37,  70 

381 

.  523 

-37,  60 

600 

.  323 

-37,  50 

621 

.  852 

345 


/ 


Run  113, 

1000- 

■1010, 

WD  222° 

Run  118, 

.1810-1820, 

WD  180° 

Position 

uz 

uz/ut 

Position 

uz 

u-z/uT 

Tower 

758 

Tower 

714 

-37,  70 

409 

.  540 

-48,  44 

632 

.885 

-37,  60 

594 

.  784 

-48,  34 

532 

.745 

-37,  50 

669 

.883 

-48,  24 

454 

.636 

September  20,  1962 

Run  114, 

1015- 

■1025, 

WD  221° 

Run  119, 

1155-1205, 

WD  224° 

Position 

uz 

uz/ut 

Position 

Uz 

uz/ut 

Tower 

761 

Tower 

715 

-37,  70 

410 

.539' 

-50,  65 

615 

.  860 

-2,1;  60' 

564 

.741 

-50,  55 

382 

.  534 

-37,  50 

693 

.911 

-50,  45 

613 

.857 

September  17, 

1962 

WD  180° 

n 

Run  115, 

1700- 

-1710, 

Run  120, 

1205-1215, 

WD  225° 

Position 

Uz 

uz/ut 

Position 

uz 

uz/ut 

Tower 

662 

Tower 

748 

-48,  44 

617 

.  .932 

-50,  65 

667 

.892 

-48,  34 

538 

.813 

-50,  55 

411 

.549 

-48,  24 

437 

.660 

-50,  45 

650 

.869 

Run  116, 

1725-1800, 

WD  180° 

Run  121, 

1215-1225, 

WD  227° 

Position 

uz 

uz/ut 

Position 

uZ 

Uz/uT 

Tower 

676 

Tower 

778 

CO 

613 

.907 

-50,  65 

667 

.  857 

CO 

CO 

511 

.756 

-50,  55 

424 

.  .545 

0° 

bo 

467 

.691 

-50,  45 

662 

.851 

Run  117, 

1800-1810, 

WD  180° 

Position 

uz 

uz/ut 

Tower 

.657 

-48,  44 

608 

.925 

CO 

oo 

1 

496 

.755 

-48,  24 

481 

.732 

Run  122, 

1520-1530, 

WD  216° 

Position 

uz 

u-z/uT 

Tower 

712 

-83,  74 

267 

.375 

-73,  74 

268 

.376 

-63,  74 

227 

.319 

-53,  74 

134 

.  188 

346 


September  22,  1962 


Run  123, 

1530-1540, 

WD  210° 

Run  128, 

1925-1935, 

WD  155° 

Position 

uz . 

uz/uT 

Position 

Uz 

uz/uT 

Tower 

757 

Tower 

842 

-83,  74 

271 

.358 

-75,  97 

229 

.  272 

-73,  74 

276 

.365 

-65,  97 

274 

.  325 

-63,  74 

222 

.293 

-55,  97 

389 

.  462 

-53,  74 

117 

.  155 

-45,  97 

422 

.  501 

Run  124, 

1545-1555, 

WD  208° 

Run  129, 

1935-1945, 

WD  159° 

Position 

uz 

Uz/ut 

Position 

uz 

uz/uT 

Tower 

751 

Tower 

893 

-83,  74 

254 

.  338 

-75,  97 

260 

.291 

-73,  74 

278 

.  370 

-65,  97 

332 

.  372 

-63,  74 

226 

.301 

-55,  97 

481 

.  539 

-53,  74 

116 

.  154 

-45,  97 

479 

.  536 

Run  125, 

1905-1915, 

WD  210° 

Run  130, 

1945-1955, 

WD  159° 

Position 

Hz 

Uz/UT 

Position 

uz 

Uz/UT 

Tower 

1296 

Tower 

856 

-75,  97 

547 

.422 

-75,  97 

241 

.  282 

-65,  97 

522 

.403 

-65,  97 

291 

.340 

-55,  97 

474 

.366 

-55,  97 

429 

.  501 

-45,  97 

341 

.263 

-45,  97 

450 

.  526 

- 

September  23,  1962 

WD  190° 

Run  126, 

1915-1930, 

WD  213° 

Run  131, 

2320-2330, 

Position 

uz 

Uz/UT 

Position 

uz 

Uz/UT 

Tower 

1352 

Tower 

884 

-75,  97 

556 

.411 

-75,  97 

526 

.  595 

-65,  97 

543 

.402 

-65,  97 

521 

.  589 

-55,  97 

498 

.368 

-55,  97 

419 

.  474 

-45,  97 

253 

.  187 

-45,  97 

300 

.  339 

Run  127, 

1925-1935, 

WD  214° 

Run  132, 

2330-2340, 

WD  187° 

Position 

uz 

Uz/UT 

Position 

uz 

uz/ut 

Tower 

1253 

Tower 

883 

-75,  97 

550 

.439 

-75,  97 

501 

.  567 

-65,  97 

530 

.  423 

-65,  97 

499 

.  565 

-55,  97 

472 

..  377 

-55,  97 

413 

.  468 

-45,  97 

348 

.278 

-45,  97 

289 

.  327 

347 


Run  133, 

2340-2350, 

WD  184° 

Position 

uz 

uz/uT 

Tower 

981 

-75,  97 

562 

.  573 

-65,  97 

521 

.531 

-55,  97 

410 

.418 

-45,  97 

341 

.348 

August  17,  1962 
Run  134,  1648- 
Position 

1658, 

uz 

WD  180° 
Uz/UT 

Tower 

468 

-42, 116 

435 

.929 

-42, 112 

428 

.914 

-42, 108 

414 

.885 

-42,  104 

407 

.870 

-42, 100 

380 

.812 

Run  135, 

1659-1709, 

WD  180° 

Position 

Uz 

uz/uT 

Tower 

508 

-42, 116 

503 

.990 

-42, 112 

512 

1.008 

-42,  108 

499 

.982 

-42,  104 

497 

.978 

-42,  100 

451 

.888 

Run  136, 

17 10-1720, 

WD  180° 

Position 

uz 

uz/uT 

Tower 

548 

-42, 116 

494 

.901 

-42,  112 

466 

.850 

-42,  108 

427 

.779 

-42, 104 

399 

.728 

-42,  100 

357 

.651 

Run  137, 

1757-1807, 

WD  180° 

Position 

Uz 

uz/uT 

Tower 

571 

-42, 116 

461 

.807 

-42, 112 

396 

.694 

-42, 108 

336 

.  588 

-42,  104 

298 

.  522 

-42, 100 

271 

.  475 

September  23,  1962 

WD  184° 

Run  138, 

1410-1420, 

Position 

uz 

Uz/UT 

Tower 

1202 

-42, 140 

1210 

1.007 

-42, 130 

1214 

1.010 

-42, 120 

1094 

.910 

-42, 110 

750 

.  624 

-42, 102 

852 

.  709 

Run  139, 

1420-1430, 

WD  187° 

Position 

uz 

Uz/ut 

Tower 

1259 

-42, 140 

1262 

1.002 

-42, 130 

1259 

1.000 

-42, 120 

1165 

.925 

-42, 110 

1153 

.916 

-42, 102 

1001 

.795 

Run  140, 

1435-1445, 

WD  186° 

Position 

Uz 

UZ/UT 

Tower 

1131 

-42, 140 

1050 

.  928 

-42, 130 

1119 

.989 

-42, 120 

982 

.  868 

-42, 110 

465 

.  411 

-42, 102 

499 

.  441 

348 


August  17,  1962 

Run  141, 

1009-1019, 

WD  180° 

Run  146, 

1715-1725, 

WD  186° 

Position 

Uz 

Uz/UT 

Position 

Uz 

uz/ut 

Tower 

558 

Tower 

1139 

-18,  116 

551 

.  987 

- 1,  140 

1145 

1.005 

-18,  112 

531 

.952 

-1, 130 

1169 

1.026 

-18,  108 

492 

.882 

- 1,  120 

1183 

1.039 

-18,  104 

447 

.  801 

-1,  110 

1218 

1.069 

- 18,  100 

406 

.728 

-1,  102 

943 

.  828 

October  24,  1962 

Run  142, 

1020-1030, 

WD  180° 

Run  A, 

1805-1815, 

WD  215° 

Position 

uz 

Uz/UT 

Position 

Uz 

uz/ut 

Tower 

578 

Tower 

827 

-18,  116 

571 

.  988 

43, 145 

800 

.  968 

-18, 112 

564 

.  976 

-18,  108 

538 

.  931 

-18,  104 

509 

.  881 

Run  B, 

1830-2240, 

WD  215° 

- 18,  100 

460 

.796 

Position 

uz 

Uz/UT 

Tower 

725 

September  23,  1962 

43,  145 

704 

.  971 

Run  143, 

1645-1655, 

WD  190° 

Position 

uz 

Uz/UT 

October  25,  1962 

Tower 

1141 

Run  C, 

0850-0900, 

WD  140-180° 

-1,  140 

1124 

.985 

Position 

uz 

uz/ut 

-1,  130 

1146 

1.004 

Tower 

246 

-1, 120 

1162 

1.018 

43,  145 

245 

.999 

-1,  110 

1.192 

1.045 

- 1,  102 

909 

.797 

Run  D, 

0910-0920, 

WD  170-150° 

Position 

Uz 

uz/ut 

Run  144, 

1655-1705, 

WD  187° 

Tower 

319 

Position 

uz 

Uz/UT 

43,  145 

316 

.991 

Tower 

1133 

-1, 140 

1119 

.988 

- 1,  130 

1140 

1.006 

Run  E, 

0920-0930, 

WD  150° 

- 1,  120 

1157 

1.021 

Position 

uz 

Uz/UT 

-I,  110 

1185 

1.046 

Tower 

331 

- 1,  102 

1197 

1.056 

43,  145 

329 

..994 

Run  145, 

1705-1715, 

WD  186° 

Position 

uz 

Uz/UT 

Tower 

1134 

-1,  140 

1111 

.980 

-1,  130 

1128 

.995 

- 1, 120 

1138 

1.004 

-1,  110 

1166 

1.028 

- 1,  102 

1190 

1.049 
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Comparison  of  Observed  Wind  Velocity  Ratios  with  the  Theoretical  Velocity  Ratios, 
Argus  Island,  August-October,  1962 


Position* 

uz** 

Uz/ut 

uz  obs. 
uz  tneo. 

Position 

uz 

uz/uT 

uz  obs. 
uz  tneo. 

Run  1-2, 

WD  180° 

Run  20-22, 

WD  201° 

Tower 

459 

Tower 

877 

0,  116 

516 

1.  12 

1.  20 

41,  99 

754 

.85 

.96 

0,  112 

- 

.98 

1.  13 

61,  99 

770 

.88 

.98 

0,  108 

421 

.92 

.98 

81,  99 

788 

.90 

1.00 

0,  104 

333 

.  72 

.78 

0,  100 

292 

.64 

.69 

Run  23-25, 

WD  181° 

Tower 

772 

Run  3-7, 

WD  180 

75,  95 

662 

.86 

.96 

Tower 

403 

67,  95 

642 

.83 

.93 

20, 116 

444 

1.  10 

1.  17 

57,  95 

619 

.  80 

.89 

20,  112 

454 

1.  13 

1.20 

47,  95 

572 

.74 

.83 

20, 108 

437 

1.08 

1.  16 

20,  104 

326 

.81 

.87 

20,  100 

205 

.51 

.55 

Run  34-40, 

WD  205- 

210° 

Tower 

852 

76,  82 

628 

.74 

.84 

Run  8-10, 

WD  186u 

76,  62 

666 

.78 

.91 

Tower 

1058 

76,  43 

686 

.80 

.97 

43, 139 

999 

.94 

1.01 

76,  33 

680 

.80 

.99 

43,  129 

1007 

.95 

1.03 

76,  23 

655 

.77 

.99 

43,  119 

1006 

.  95 

1.04 

76,  17 

633 

.74 

1.00 

43,  109 

1051 

.99 

1.09 

43,  101 

1100 

1.04 

1.  15 

Run  41-44, 

WD  210- 

220°  ‘ 

Tower 

862 

Run  11-16, 

WD  180 

66,  82 

590 

.68 

.77 

Tower 

535 

66,  62 

629 

.73 

.85 

43,  116 

501 

.94 

1.00 

66,  45 

690 

.80 

.96 

43,  112 

512 

.96 

1.02 

66,  33 

700 

.81 

1.01 

43,  108 

527 

.98 

1.05 

66,  23 

679 

.79 

1.02 

43,  104 

540 

1.01 

1.08 

66,  17 

641 

.74 

1.00 

43,  100 

510 

.95 

1.03 

All  positions  by  Cartesian  coordinates  as  in  figure  1 
All  velocities  in  cm  sec"-*- 
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Position 

uz 

uz/uT 

uz  obs. 
uz  theo. 

Position 

uz 

uz/ut 

uz  obs. 
uz  theo, 

Run  45-48, 

WD 

225° 

Run  89-91, 

WD  275° 

Tower 

738 

Tower 

580 

57,  82 

434 

.59 

.67 

-10,  53 

408 

.70 

.  83 

57,  62 

546 

.74 

.86 

-10,  43 

483 

.83 

1.00 

57,  45 

608 

.82 

.98 

-10,  33 

497 

.86 

1.07 

57,  33 

605 

.82 

1.02 

-10,  23 

442 

.76 

.98 

57,  23 

594 

.  80 

1.03 

57,  17 

558 

.76 

1.01 

Run  92-94, 

WD  261- 

274° 

180° 

Tower 

468 

Run  64-70, 

WD 

-10,  63 

389 

.83 

.  96 

Tower 

445 

-10,  53 

380 

.81 

.  96 

52,  69 

220 

.49 

.  56 

-10,  43 

327 

.70 

.  84 

52,  65 

316 

.71 

.82 

-10,  33 

433 

.93 

1.  15 

52,  61 

338 

.76 

.88 

52,  57 

350 

.79 

.93 

52,  53 

352 

.79 

.93 

Run  95-97, 

WD  262- 

•266° 

Tower 

453 

-10,  68 

331 

.73 

.  84 

Run  71-73, 

WD 

232° 

-10,  58 

400 

.88 

1.  03 

Tower 

773 

-10,  48 

321 

.71 

.85 

30,  67 

332 

.  43 

.  50 

-10,  38 

447 

.99 

1.21 

30,  57 

729 

.94 

1.  10 

30,  47 

686 

.89 

1.07 

30,  37 

674 

.87 

1.07 

Run  98-100, 

WD  242-246° 

Tower 

495 

-18,  70 

442 

.89 

1.03 

Run  74-77, 

WD 

225-247° 

-18,  60 

478 

.97 

1.  13 

Tower 

887 

26,  57 

880 

.99 

1.  16 

27,  47 

809 

.  91 

1.09 

Run  101-103,  WD  278-288 

28,  37 

788 

.  88 

1.08 

Tower 

433 

29,  27 

853 

.  96 

1.22 

-18,  45 

368 

.85 

1.02 

-18,  35 

368 

.85 

1.05 

-18,  25 

354 

.82 

1.05 

Run  78-85, 

WD 

180-225° 

-18,  15 

309 

.71 

.  97 

Tower 

912 

30,  17 

728 

.80 

1.07 

Run  104-106,  WD  284-297° 

Tower 

525 

Run  86-88, 

WD 

233-238° 

-23,  47 

479 

.91 

1.09 

Tower 

770 

17,  68 

401 

.  52 

.60 

17,  60 

781 

1.01 

1. 18 

17,  50 

731 

.  95 

1. 13 

17,  40 

680 

.  88 

1.07 
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Position 

uz 

uz/uT 

uz  obs. 
uz  theo. 

Position 

uz 

Uz/UT 

uz  obs. 
uz  theo. 

Run  107-108,  WD  180° 

Run  134-137, 

WD  180 

-187° 

Tower 

673 

Tower 

524 

-26,  44 

663 

.  99 

1.  19 

-42, 116 

473 

.90 

.96 

-27,  34 

632 

.94 

1.  16 

-42, 112 

451 

.86 

.  92 

-28,  24 

617 

.  92 

1.  18 

-42,  108 

419 

.  80 

.  85 

-42, 104 

400 

.76 

.82 

-42, 100 

365 

.70 

.75 

Run  109-111,  WD  212-216° 

Tower 

773 

r\ 

-37,  65 

472 

.61 

.71 

Run  138-140, 

WD  184-187 

-37,  55 

402 

.  52 

.61 

Tower 

1198 

-37,  45 

687 

.89 

1.07 

-42, 140 

1174 

.98 

1.05 

-42, 130 

1197 

1. 00 

1.08 

-42, 120 

1080 

.90 

.98 

Run  112-114,  WD  221-226° 

-42, 110 

789 

.66 

.72 

Tower 

749 

-42, 102 

784 

.65 

.72 

-37,  70 

400 

.  53 

.61 

-37,  60 

586 

.78 

.91 

-37,  50 

661 

.88 

1.05 

Run  141-142, 

WD  180 

Tower 

568 

-18, 116 

561 

.99 

1.05 

Run  115-118,  WD  180° 

-18, 112 

546 

.96 

1.02 

Tower 

677 

-18, 108 

515 

.91 

.97 

-48,  44 

618 

.91 

1.  10 

-18, 104 

478 

.84 

.90 

-48,  34 

519 

.77 

.95 

-18, 100 

433 

.76 

.  82 

Run  119-121,  WD  224- 

-227° 

Run  143-146, 

WD 

186-190° 

Tower  747 

Tower 

1137 

-50,  45  642 

.86 

1.03 

-1,  140 

1125 

.99 

1.06 

-1, 130 

1146 

1.01 

1.09 

-1,  120 

1160 

1.02 

1.  11 

Run  122-124,  WD  208- 

-216° 

-1,  110 

1190 

1. 05 

1.  15 

Tower  740 

-83,  74  264 

.36 

.  41 

-1,  102 

1060 

.93 

1.03 

-73,  74  274 

.37 

.  42 

-63,  74  225 

.30 

.34 

-53,  74  122 

.  16 

.  18 

Run 

131- 

133,  WD  184- 

190° 

Tower 

916 

-75, 

97 

530 

.58 

.  64 

-65, 

97 

514 

.56 

.62 

-55, 

97 

414 

.45 

.  50 

-45, 

97 

310 

,  34 

.  38 
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